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Observation of Aharonov-Bohm effect in PbTe nanowire networks
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We report phase coherent electron transport in PbTe nanowire networks with a loop geometry. Magnetocon-
ductance shows Aharonov-Bohm (AB) oscillations with periods of h/e and h/2e in flux. The amplitudes of h/2e
oscillations are enhanced near zero magnetic field, possibly due to interference between time-reversal paths.
Temperature dependence of the AB amplitudes suggests a phase coherence length ∼8–12 μm at 50 mK. This
length scale is larger than the typical geometry of PbTe-based hybrid semiconductor-superconductor nanowire
devices.
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Topological quantum computing relies on braiding of Ma-
jorana zero modes (MZMs) to realize various quantum gate
operations [1,2]. A major theoretical proposal is the so-called
measurement-based braiding where the topological qubit can
be readout from interference between a MZM-involved path
(electron “teleportation”) and a normal (topologically triv-
ial) path [3–6]. Therefore, phase coherent transport is a
crucial ingredient along this roadmap. A one-dimensional
(1D) semiconductor-superconductor hybrid nanowire is a
promising MZM candidate [7–10] where the phase coherent
transport can be revealed as Aharonov-Bohm (AB) oscilla-
tions in nanowire networks with a loop geometry. Among all
1D candidates, InSb and InAs nanowires are the most studied
MZM material systems [11–17], with AB effect demonstrated
[18–21]. Recently, PbTe [22–27] based nanowires [28,29]
have been proposed as a new MZM candidate [30]. In this pa-
per, we report the observation of AB effect in PbTe nanowire
networks.

Figure 1(a) (inset) shows the scanning electron micrograph
(SEM) of a PbTe nanowire, selectively grown on a CdTe sub-
strate using molecular beam epitaxy (MBE). The nanowire is
contacted by two normal metal leads (yellow, Ti/Au) and then
covered by a layer of HfO2 dielectric with a Ti/Au top gate
(TG). The selective area growth (SAG) of PbTe is achieved
by covering the CdTe substrate with an Al2O3 dielectric mask
followed by wet etching for trenches. Growth details can be
found in our recent work [29] where a CdTe(001) substrate
was used. In this work we choose a different substrate ori-
entation, CdTe(111), for the PbTe growth. Valley degeneracy
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breaking along this (111) direction, which is crucial in the
realization of MZMs, has been experimentally demonstrated
[25,27] and theoretically verified [30].

Fitting the pinch-off curve (for the upward sweeping direc-
tion) of this field effect device [Fig. 1(a)] suggests a mobility
∼0.94 × 104 cm2/V s. The mobility extracted from the down-
ward sweeping is roughly halved, see Fig. S1 in Ref. [31]
for details. For detailed discussion of PbTe hysteresis and
mobility, we refer to our previous work [29]. The capacitance
(C) is estimated using a finite element model based on the
device cross section. Figure 1(b) shows the low-magnification
cross-sectional high-angle annular dark-field (HAADF) im-
age of the device. The top PbTe surface is capped with CdTe,
preventing possible oxidation. This capping may enhance the
device mobility and coherence length. Clearly the cross sec-
tion of the PbTe bottom has an irregular shape with rough
interfaces, possibly due to the Ar treatment of the CdTe sub-
strate before the PbTe growth. This interface can be a major
source of disorder [32–36] and future growth optimization
for flat interface may lead to higher mobility. Nevertheless,
magnification of the interface can still resolve matched lat-
tices between PbTe and CdTe, see Fig. 1(c) for the enlarged
HAADF. So far we have not found stacking faults/defects
based on the cross sectional TEM. We speculate that the
matched lattice between PbTe nanowire and CdTe substrate
(even being rough) could prevent the heterostructure from
having stacking faults.

Figure 1(d) shows the SEM and three-dimensional (3D)
schematic of a PbTe network device (device A), grown and
fabricated (contact, dielectric, and gate) together with the
mobility device on the same substrate chip. The voltage ap-
plied to the top gate (VTG) tunes the carrier density in the
nanowire loop. To ensure ohmic contact, the CdTe layer was
etched by Ar plasma before the Ti/Au deposition. Scanning
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FIG. 1. (a) Pinch-off of a PbTe nanowire with the mobility fit (red
line). Inset: Device SEM. (b) Cross-sectional HAADF with crystal
directions labeled. (c) Enlarged HAADF of the orange box in (b).
(d) SEM of device A (nanowire loop) and its 3D schematic.

transmission electron microscope (STEM) of device A can be
found in Fig. S2 in Ref. [31].

Figure 2(a) shows the magnetoconductance of device A,
measured in a dilution refrigerator with a base temperature
∼20 mK. The differential conductance G was measured using
a lock-in amplifier in a two terminal circuit setup. The bias
voltage was fixed at zero throughout the measurement. The
magnetic field (B) was oriented perpendicular to the substrate
for Fig. 2(a). The overall conductance shows a peak near
B = 0 T, suggesting the existence of weak antilocalization
(WAL). On top of the background, periodic AB oscillations
are resolved with periods of �B ∼ 1.4 mT (orange inset) and
∼0.7 mT (red inset), corresponding to flux periods of h/e (first
harmonic) and h/2e (second harmonic), respectively. Here h
is the Plank constant and e is the electron charge. The h/2e-
AB oscillations are also known as Altshuler-Aronov-Spivak
(AAS) effect [37,38]. We further convert this period in �B
into an effective loop area A ∼ 2.95 μm2 based on the formula

of �B × A = h/e. This extracted area is close to the area de-
fined by the inner surface of the nanowire loop ∼2.9 μm2 (the
area of the outer loop is ∼3.92 μm2), suggesting that the elec-
tron wave function is mainly distributed near the inner surface.

For a control test we also apply B parallel to the substrate
and observe a WAL peak without AB oscillations [Fig. 2(b)].
In Fig. 2(c) we plot the spectrum of fast Fourier transform
(FFT) where the h/e and h/2e oscillations in Fig. 2(a) are
revealed as two FFT peaks (see the black curve). By contrast,
the FFT of Fig. 2(b) shows no such peaks [the red curve in
Fig. 2(c)]. Boundaries of the shaded area refer to the expected
h/e AB periods, estimated based on the area encircled by the
inner and outer surfaces of the nanowire loop. The dashed line
is the expected peak position of the second harmonic (h/2e),
calculated by multiplying the center of the first harmonic peak
by a factor of 2.

We further show the magnetoconductance of device A at
different gate voltages (see Fig. S3 in Ref. [31]). The AB
amplitude varies for different gate voltages, as well as for the
same gate voltage but repeated measurements, possibly due
to device instabilities. In some gate settings we observe no
AB oscillations, possibility due to the pinch-off of one of the
two AB “arms” or other unknown dephasing mechanisms, see
Fig. S4 in Ref. [31] for the statistics. Figure 2(d) shows exam-
ples for h/e and h/2e oscillations with amplitudes reaching
∼0.015 and 0.02, in the unit of 2e2/h. In Fig. 2(e) we show
the ensemble averaged FFT for all (in total 182 sets) measured
B-sweeping curves (the black line), where the first and second
harmonic peaks are clearly visible. The second harmonic peak
has a similar height as the first one, suggesting a significant
h/2e component. The h/2e oscillations in Fig. 2(a) are mostly
prominent near B = 0 T, possibly due to the time-reversal
paths. To confirm this hypothesis, we perform the ensemble
averaged FFT for B near 0 T [blue curve in Fig. 2(e)] which
indeed resolves a more prominent h/2e peak. By contrast,
the averaged FFT for higher B resolves a much smaller h/2e
peak [red curve in Fig. 2(e)]. In addition, in Fig. 2(f) with a
small fixed in-plane magnetic field of 30 mT, the out-of-plane
magnetoconductance reveals mainly the h/e oscillations even
for out-of-plane B near 0 T. The corresponding FFT [Fig. 2(g)]
also confirms that the h/2e peak is hardly visible.

We now study the temperature dependence of the AB
oscillations. Figure 3(a) shows the h/e oscillations with the
temperature varies from 21 to 780 mK (only six curves are
shown for clarity). The T evolution of AB amplitudes is more
visible after subtracting an overall background (by smoothing
the curve), as shown in Fig. 3(b) which focuses on the B
ranges with large oscillations. The oscillation amplitude is
reduced by roughly half at T ∼ 200–300 mK, and almost
vanishes at T ∼ 510 mK. Figure 3(c) shows the h/2e oscil-
lations (background subtracted) at three typical T s, resolving
a similar trend.

To quantify the h/e and h/2e oscillation amplitudes, we
perform FFT and estimate the amplitude by the “area” un-
derneath the corresponding FFT peak. This area is calculated
by numerical integration, see Fig. S5 in Ref. [31] for de-
tailed information. Figure 3(d) shows h/e (left) and h/2e
(right) amplitudes, decaying with increasing T as a general
trend. The fluctuations are possibly due to instabilities within
the mesoscopic environment. To fit this decay, we adopt a
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FIG. 2. AB oscillations in device A. (a) Magnetoconductance, B perpendicular to the substrate. Insets: Magnifications of the regions of
h/2e and h/e oscillations. (b) Magnetoconductance, B parallel to the substrate. B is offset by 4 and 2 mT for (a) and (b), based on the symmetry
of the WAL. (c) FFT of (a) (black) and (b) (red). (d) Two more AB curves, B perpendicular to the substrate. (e) Black: Ensemble averaged FFT,
after subtracting a conductance background (smooth window 1.42 mT). Blue: Ensemble averaged FFT by limiting the B range below 5 mT.
Red: Averaged FFT outside this range. (f) AB at a fixed in-plane B of 30 mT. (g) FFT of (f). In (c), (e), and (g), boundaries of the shaded area
are the geometric bounds estimated from the device SEM. T ∼ 20 mK.

diffusive transport model [20,39], where the AB amplitude is
assumed to be ∝ e−L/Lϕ and Lϕ is assumed to be ∝ 1/

√
T . Lϕ

is the phase coherence length and L is one half of the loop
circumference for h/e and the full circumference for h/2e
oscillations. The fitting result [red lines in Fig. 3(d)] suggests
a phase coherence length Lϕ ∼ 8–12 μm at a temperature of
50 mK. The error bar of Lϕ is 2 μm for h/e and 1 μm for h/2e
oscillations, due to the sizable fluctuations (outliers). We note
that the extracted Lϕ value is only a rough estimation which
may vary for different models. The extracted length scale
(a few microns) is consistent with the observation of h/2e
oscillations: electrons remain phase coherent after circulating
the whole loop which is ∼8 μm.

Finally, we show AB oscillations observed in a second
device (device B), also selectively grown on a CdTe(111)
substrate. The loop geometry has a square shape instead of
a diamond as shown in Figs. 4(a) and 4(b). The magnetocon-
ductance [Fig. 4(c)] resolves AB oscillations with h/2e period
near zero B and h/e period at higher B, see Figs. 4(d) and
4(e) for the magnifications with corresponding colors. The AB
periods for h/e and h/2e oscillations are ∼1.25 and 0.66 mT,

respectively. This period in B can be converted into an
effective loop area of ∼3.3 μm2. Based on the device SEM,
we can independently estimate the loop area to be ∼3 and
4 μm2 for the inner and outer surfaces, respectively. Com-
paring with the evaluated loop area again suggests that the
electrons are mainly located near the inner surface of the loop.

Figure 4(g) shows the FFT of Fig. 4(c), resolving the two
harmonic peaks (the black curve). As a comparison, FFT of a
B-scan curve (not shown), measured under the same gate volt-
age but with B parallel to the substrate, resolves no such peaks
(the red curve). The h/2e oscillations are also enhanced near
zero B, similar to the case in device A. This h/2e component
can be reduced by a fixed in-plane B of 10 mT, as shown in
Fig. 4(f). The corresponding FFT (for the whole range) also
only resolves the h/e peak [Fig. 4(h)].

Due to the device instabilities, we have only performed
temperature dependence for the h/2e oscillations, see Fig. 4(i)
for the oscillations at three different temperatures. In Fig. 4(j)
we plot the FFT amplitude vs temperature, fit the diffusive
transport model, and extract the phase coherence length Lφ =
9 ± 2 μm at T = 50 mK. This result is roughly consistent
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FIG. 3. Temperature (T ) dependence of AB oscillations in device
A. (a) h/e oscillations at several T s. VTG = 9.4 V. (b) AB after
subtracting a background (smooth window 1.42 mT). (c) h/2e oscil-
lations (background subtracted) at three T s. Vertical offsets are 0.025
and 0.045 (×2e2/h) for clarity. VTG = 9.8 V. (d) T dependence of the
h/e (left) and h/2e (right) FFT amplitudes for all measured T s. Red
lines are fittings to extract the phase coherence length.

with the value of device A. For more B scans of device B, see
Fig. S3 in Ref. [31].

To summarize, we have demonstrated phase coherent
transport in PbTe nanowire networks by observing Aharonov-
Bohm oscillations in magnetoconductance. Both h/e- and
h/2e-periodic oscillations can be revealed. Temperature de-
pendence of the AB amplitude suggests a phase coherence
length ∼8–12 μm at T = 50 mK. This length scale exceeds
the dimension of future PbTe-based hybrid semiconductor-
superconductor devices, fulfilling a necessary condition for
the exploration of topological quantum information process-
ing. Future works could be aiming at the optimization of the
nanowire growth for more uniform cross sections which may
lead to higher mobility and longer phase coherence length.

Raw data and processing codes within this paper are avail-
able at [40].

FIG. 4. AB effect in device B. (a) and (b) SEM before (a) and
after (b) the fabrication of contacts (false colored yellow), dielectric,
and top gate. (c) Magnetoconductance, B perpendicular to the sub-
strate. A narrower B range is shown for clarity. Fridge temperature
∼40 mK. (d) and (e) Magnifications of (c) (see dashed boxes),
corresponding to h/e and h/2e oscillations. (f) Magnification of a
B scan with a fixed in-plane B of 10 mT. VTG = 16.6 V. B offset
is 5 mT for (c)–(f). (g) Black: FFT spectrum of (c). Red: FFT of
a B scan (not shown) at the same gate voltage but B parallel to
the substrate, serving as a control test. (h) FFT of (f) (the whole B
range). (i) h/2e oscillations at three different T s with background
conductance subtracted. Background is smoothed over a window of
1.34 mT, close to the h/e period estimated based on the inner surface
loop area. Vertical offsets are 0.025 and 0.045 ×2e2/h for clarity.
(j) T dependence of the h/2e FFT amplitudes. The fitting (red line)
suggests a phase coherence length ∼9.2 μm at 50 mK.
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