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An experimental realization of a ballistic superconductor proximitized semiconductor nanowire device is a neces-
sary step towards engineering topological quantum electronics. Here, we report on ballistic transport in InSb nanowires
grown by molecular-beam epitaxy contacted by superconductor electrodes. At an elevated temperature, clear conductance
plateaus are observed at zero magnetic field and in agreement with calculations based on the Landauer formula. At lower
temperature, we have observed characteristic Fabry—Pérot patterns which confirm the ballistic nature of charge transport.
Furthermore, the magnetoconductance measurements in the ballistic regime reveal a periodic variation related to the Fabry—
Pérot oscillations. The result can be reasonably explained by taking into account the impact of magnetic field on the phase
of ballistic electron’s wave function, which is further verified by our simulation. Our results pave the way for better under-
standing of the quantum interference effects on the transport properties of InSb nanowires in the ballistic regime as well as
developing of novel device for topological quantum computations.
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1. Introduction

Semiconductor nanowires are appealing candidates for
constructing novel devices in nanoelectronics.!!! Among
them, InSb nanowires have been investigated for applica-
tions in high-speed electronics, ! spintronics,*! and quantum
computing,*! due to their remarkable properties such as a
high electron mobility, a strong spin—orbit coupling,® and a
large Landé g-factor,[’-°! Recently, it has been theoretically

[10.11] and experimentally realized!!?!3! that hybrid

proposed
devices based on these nanowires can be made as hosts for
Majorana bound states (MBS) in solid state. Beside the essen-
tial ingredients such as proximity induced superconductivity
and strong spin-orbit coupling, the ballistic transport inside the
nanowire with the tunability of one-dimensional (1D) modes is
also a key requisite and is seldom explored. For ballistic trans-
port in 1D systems, quantized conductance plateaus emerge as
a result of the 1D subband spectrum and have been routinely
observed in constrictions formed in two-dimensional electron
gas (2DEG). [14.15] Besides, the coherent electron waves travel-
ing inside a ballistic channel can have interference effect, lead-
ing to a Fabry—Pérot pattern in the conductance spectroscopy.

Such patterns have been well observed and used as sigana-
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tures of ballistic transport in carbon nanotubes!'®!7! and in ITT-
V nanowires.!'32 Very recently, quantized conductance in
InSb nanowires at zero magnetic field has been demonstrated
with normal metal contacts.?!1 However, an extensive and di-
rect demonstration on the ballistic nature of superconductor
contacted nanowire device remains challenging and largely
unexplored.

Here, we report on the ballistic transport behavior in InSb
nanowires with superconductor contacts. In this work, we fo-
cus on measurements of the devices in the normal state either
at a high temperature (> 7;) or with a small magnetic field (>
B.) applied. We observe well defined conductance plateaus in
the InSb nanowire device at an elevated temperature, which is
a direct signature of ballistic transport in the nanowire and can
be well described by the Landauer approach. Through analysis
of consistent fitting, a mean free path /. ~ 90 nm is extracted.
At lower temperature, conductance oscillations as a result of
the Fabry—Pérot interference are observed and characterized
with bias spectroscopy. We further measure the low tempera-
ture magnetoconductance patterns in Fabry—Pérot regime. The
evolution of magnetoconductance as a function of gate volt-
age can be attributed to the quantum interference effects in
such a ballistic system. Previous magnetotransport measure-
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ments have been utilized in nanowires to study phase coherent
processes and extract various mesoscopic length scales.[?>-24]
However, most of them have been carried out in the diffusive
regime with few efforts on the (quasi) ballistic regime.!?>-6]
Our result can be well understood by considering a phase shift
induced by the magnetic field, which reveals the quantum in-

terference nature of the transport process.

2. Experiment

InSb nanowires investigated in this study are grown
by gold catalyzed gas-source molecular beam epitaxy on
InP(111)B substrate following the growth of a stem segment of
InAs. ) The InSb nanowires have diameters of 50 nm—80 nm
and lengths up to 3 pm, exhibiting a pure zinc blende crys-
tal structure, free from twin defects and tapering.?”-28 Af-
ter growth, the InSb nanowires are mechanically transferred
onto an n"-doped Si substrate with an 110-nm thick ther-

(a)

G/(e*/h)

Ti/Al
(5 nm/90 nm) contacts are patterned on the located individual

mally oxided top layer used as a global back gate.

InSb nanowires by standard electron beam lithography, fol-
lowed by e-beam evaporation and lift-off processes. Before
contact deposition, the nanowires are treated with a brief sulfur
passivation process to remove the surface oxide and meliorate
the contact interface. The superconducting contacts have been
characterized in our previous work to have a critical tempera-
ture T, ~ 1 K and a critical field B, ~ 25 mT.['”) The devices
studied in this work have contact separations of 60 nm—100 nm
and diameters of 60 &5 nm. A typical scanning electron mi-
croscope image of devices investigated in this work is shown
in Fig. 1(a). The samples are mounted into a dilution refriger-
ator and measured with both dc and ac techniques. Electronic
transport measurements are carried out at refrigerator temper-
atures between 10 mK and 10 K. The external magnetic field

is applied perpendicular to the substrate plane.
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Fig. 1. (color online) (a) False-color SEM image of a typical InSb nanowire device. The InSb nanowire (green) of typical diameter 60 =5 nm is contacted
by two Ti/Al (5 nm/90 nm) superconducting electrodes. The contact spacings are in a range of 60 nm—-100 nm. (b) Differential conductance G as a function
of back gate voltage V; measured at 7 = 10 K and B = 0 T using an ac bias V,c = 100 ueV (blue curve). Red curve is a fit to the experimental data based
on the Landauer formula of conductance. Inset: schematic of the 1D subbands of an InSb nanowire. The second and third as well as the fourth and fifth
subband are nearly degenerate owing to an additional symmetry of the nanowire discussed in the main text.

3. Results and discussion

We first show the results of a device with a nanowire di-
ameter d ~ 60 nm and a contact spacing L ~ 70 nm. The
conductance G as a function of the back gate voltage V, mea-
sured by ac method at a temperature of 10 K and zero mag-
netic field is plotted in Fig. 1(b) (blue curve).
clearly seen, well-resolved plateaus develop in the G(V,) trace
at ~ 1.0 €?/h, 2.6 €*/h, and 4.0 € /h. Similar features have

also been observed in a different nanowire device. With the

As can be

aid of the finite bias and the magnetic field evolution of the

differential conductance, it is corroborated that the observed
plateau feature is a result of the ballistic transport through the
1D subbands of the nanowires. The larger heights of the sec-
ond and third plateau result from the additional degeneracies
of the subbands, since the second and third subband as well
as the fourth and fifth subband are (nearly) degenerate owing
to the rotational symmetry of the nanowire?1->°! (see inset of
Fig. 1(b)). As aresult, the conductance is supposed to develop
plateaus at 2 ¢?/h, 6 € /h, and 10 €2 /h as the degenerate sub-
bands are populated, instead of at 2 ¢? /h, 4 &2 /h, and 6 &2 /h.
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Obviously, there are discrepancies between the experimental
plateau values and the ideal ones. We attribute this to the finite

25,301 1n or-

transparencies of the contact-nanowire interfaces.!
der to better understand the experimental results, following the
approach introduced earlier by Bagwell et al.,3!! we perform
simulation with the use of the generalized Landauer formula
including the thermal smearing of the Fermi—Dirac distribu-

tion,
2
G=""F [-TE)asE)0EE

where f(E) is the Fermi-Dirac distribution. The summa-
tion comprises all the degenerate subbands contributing to the
transport and T;(E) is their transmission coefficient. The func-
tion between Er and V is established through the relation that
the integrated density of states equal to the number of gate

voltage-induced carriers per unit length

N = [ p(E)F(E)IE = ColVe = Vi) e,

where Cg is the gating efficiency of the back gate and Vr is the
threshold voltage. We use this model to fit our data with Cg,
T;, and the subband spacing AE; ;1 as fitting parameters and
the corresponding result is shown as the red curve in Fig. 1(b).
As shown in the plot, the experimental data can be well re-
produced by the fitting curve, which yields the parameters as
Cy = 6.5 pF/m, AE 5 =24 meV, AE3 4 = 17 meV, T1 = 0.42,
T, = 0.43, and 753 = 0.41. These non unitary transmission co-
efficients may stem from disorders on the nanowire-contact
interface and can well account for the degraded values of the
observed plateaus. Using the C, value above, we obtain a field
effect mobility g = 9600 cm?/V - s of our nanowires. With an
average electron concentration n ~ 1 x 10'7 ¢cm™3, the elas-
tic mean free path is estimated to be /. ~ 90 nm. Therefore,
given the fact L < [, our result confirms the ballistic transport
regime of the device. Meanwhile, this result also indicates that
we can accurately control the population of the 1D subbands
using a back gate voltage.

Next we turn to another device with a similar nanowire
diameter but a longer channel length L ~ 90 nm. Here we
measured the device at a lower temperature of 7 ~ 10 mK,
enabling us to investigate more of the quantum interference
effects in the InSb nanowire. Since the Ti/Al contacts become
superconducting at such low temperature, we apply a small
magnetic field (50 mT) to suppress superconductivity in the
Al contacts. The normal state transfer curve G(V,) is pre-
sented in Fig. 2(a). Unlike the plateau shape of the first de-
vice at higher temperature in Fig. 1(b), the G(V,) trace here
shows a series of (quasi) periodic oscillations which is also
observed in a different device. These oscillations are unlikely
to be Coulomb blockade oscillations since they persist over
high conductance regions (~ 8 ¢?/h). Since our nanowire

devices work in the ballistic transport regime (L < [), elec-
trons through the nanowire experience no scattering except
at the nanowire-contact interfaces. Therefore, the universal
conductance fluctuations (UCF), which originates from mul-
tiple scattering of electrons by randomly distributed disorder,
can also be excluded from the transport regime. Hence, the
most reasonable explanation to these oscillations is the Fabry—
Pérot interference of electron waves, which has been observed
and taken as a signature of the ballistic transport in carbon
nanotubes!'®!”] and semiconductor nanowires. 1820

To better characterize the observed quasi-periodic con-
ductance oscillations, we perform transport spectroscopy by
measuring the differential conductance dI/dV as a function
of V4 and V; in a typical region of oscillatory conductance
(green dashed square in Fig. 2(a)). As shown in Fig. 2(b),
the differential conductance in the VgV, plane shows a clear
(partial) checkerboard pattern with quasi-periodic oscillations
along both Vi and V,. Such a differential conductance pat-
tern is a typical signature of the Fabry—Pérot interference,
which can be understood by ballistic charge transport through
the resonant states. In a ballistic device, the condition for
the constructive Fabry—Pérot interference can be expressed as
kp = nm/L., where kg is the Fermi wavelength, n is an inte-
ger and L. is the Fabry—Pérot cavity length. Since the chem-
ical potential u = hzkl% /2m* in the nanowire is proportional
to the gate voltage, as the gate voltage is swept, kg is con-
tinuously varied, leading to a periodic satisfaction of the in-
terference condition (kgp = n7/L.) and thus oscillations in the
nanowire conductance. Combining the interference condition
with the expression of the electron density of a 1D channel
on = CgAV,y /e = 28kg /T, the cavity length can be written as
L. = 2e/(CoAV,). We apply the fast Fourier transformation
(FFT) to the G(V,) trace in Fig. 2(a) and obtain an average
period of the Fabry—Pérot oscillations AV, ~ 0.48 V. We take
the value of Cy; as Cy = 6.5 pF/m referring to the result of
the first device since the diameters of the nanowires are very
close. Accordingly, the cavity length can be calculated as
L. =2e/(CyAV,) ~ 102 nm, which is quite consistent with the
geometric channel length L of the device. On the other hand,
the applied bias voltage eVyy, which equals to the difference
between the chemical potentials of source and drain leads, can
also tune the system in or out of constructive Fabry—Pérot in-
terference. The corresponding condition can be written as:

eVig = AEpp = W2 8k% /2m* = n®h% /2m* L2,

where AEpp is the energy spacing of the virtual resonant
states from the constructive Fabry—Pérot interference. From
Fig. 2(b), AEpp is estimated to be ~ 2 meV. Hence we can

again calculate L; as L, = 4/ n2h? /2m2AEpp ~ 110 nm, which

is in good agreement with our previous analysis.
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Fig. 2. (color online) (a) Conductance G of a second device as a function of back gate voltage V; measured at T = 10 mK with an ac bias V,c = 100 peV.
A small magnetic field B =30 mT is applied to suppress superconductivity in the Al contacts. Green and orange squares mark the regions to be discussed
hereinbelow. (b) Differential conductance d//dV as a function of bias voltage Vyq and gate voltage Vg, corresponding to the same range denoted by the green
square in panel (a). The nonlinear transport spectroscopy shows a characteristic Fabry—Pérot interference pattern, providing direct experimental evidence for

ballistic charge transport through InSb nanowires.
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Fig. 3. (color online) (a) Magnetoconductance (MC) traces measured at a temperature of 10 mK from V; = —1.2 V to V; = —0.3 V, corresponding to the

same region denoted by the orange square in Fig. 2(a). The step of V between adjacent traces is 0.06 V. (b) AG as a function of B and V; obtained by
subtracting the conductance at zero magnetic field G(0) from the MC traces. It can be clearly seen that AG exhibits a periodic-like behaviour as B and V is

varied.

Having demonstrated the ballistic transport regime in our
device, we move on to study quantum interference effects on
the conductance in the presence of a magnetic field. We fo-
cus on a region displaying the Fabry—Pérot oscillations (or-
ange dashed square in Fig. 2(a)), and measure the magneto-
conductance (MC) in a range of |B| = 0.5 T at different V.
The corresponding data is shown in Fig. 3(a). Strikingly, as V,
is changed, the low field MC curve alters its shape showing ei-
ther a hump or a valley, which seems to be related with the con-
ductance oscillations at zero magnetic field. The behavior of

observed MC might be reminiscent of the appearance of weak
localization (WL) or weak anti-localization (WAL) arising
from coherent backscattering in nanowire systems.?*! How-
ever, for the ballistic regime in our case, these scenarios for the
diffusive transport — WL or WAL — could be ruled out. Al-
though the effective g* factor of InSb nanowires is quite large
(~ 30-50), the Zeeman energy of such low magnetic field
(0.5 T) Ez = |g*|ugB ~ 1 meV is still negligible compared
to the spacing of the 1D subbands AE ~ 15 meV-25 meV.
Thus, the influence from the depopulation of 1D subbands on
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the conductance could be also omitted in this case. To clar-
ify, we subtract the varying background at zero magnetic field
G(0) from the MC data to get AG = G(B) — G(0). This al-
lows us to focus on the variation of conductance caused by the
applied magnetic field. The corresponding result AG(B,V;) is
displayed as a 2D plot in Fig. 3(b). As can be clearly seen, AG
exhibits periodic-like resonances as B or V; is changed, which

(a)

B/T

—0.2

—0.4

implies close correlation with the Fabry—Pérot interference.
We interpret these resonances as the constructive interferences
induced by the magnetic field. In the presence of a perpendicu-
lar magnetic field, the traveling electrons in the nanowire will
accumulate an additional phase A@ in their wave functions,

leading to a variation of interference conditions with varying

magnetic field.

—1.9 1.
AG/arb. units |

1

—-1.0 —0.5

vy

Fig. 4. (color online) (a) Schematic diagram of the transport model of electrons in a ballistic metal-nanowire—metal device under a perpendicular magnetic
field. As a result of ballistic regime, electrons get only reflected at the two interfaces. The red curve refers to the electron wave of the interference process.
(b) Simulated subtracted magnetoconductance AG as a function of the gate voltage and the magnetic field. The results show a good qualitative agreement

with the experimental measurements shown in Fig. 3(b).

Based on this scenario, the evolution of gate-tuned mag-
netoconductance can be understood quantitatively on the basis
of a simple model shown schematically in Fig. 4(a). In this
picture, the conductance G should be proportional to the prob-
ability of electrons propagating into the contact, which can be
expressed in terms of the square of the electron’s wave func-
tion, i.e.,

G |z“(12neik(2n+l)L|27
n

where « is the reflective coefficient and n denotes the times
of reflection. In a ballistic nanowire device, the application
of a magnetic field induces an additional phase shift A@; =
BS;/®y, where S is the area of the j-th trajectory of bouncing
electrons and &y = h/2e is the flux quanta. Taking this into
account, the conductance in the magnetic field becomes

G |Za2neik(2n+l)L+A(pj |2'
n7j

We use this model to perform simulation of the conductance
and the obtained result is shown in Fig. 4(b). It is clear that
the main features of the experimental result can be well re-

produced by this model, which therefore strongly supports our
interpretation.

4. Conclusion

In conclusion, we have demonstrated comprehensive ev-
idences for the ballistic transport in superconductor contacted
InSb nanowires devices. We observe clear plateaus of conduc-
tance in a nanowire at a temperature of 10 K and zero magnetic
field with the ability to accurately control the population of the
1D subbands. At a lower temperature, we have observed char-
acteristic Fabry—Pérot resonances which confirm the ballistic
nature of charge transport in the InSb nanowire. We further
demonstrate the quantum interferences effects on the conduc-
tance of nanowire in the presence of a magnetic field. The
magnetoconductance data in the Fabry—Pérot regime can be
well explained by considering the phase shift induced by the
magnetic field in a ballistic nanowire, which is further verified
by our simulation. Given the strong spin-orbit interaction in
InSb nanowires, more exotic features of transport, such as the
helical modes, *?! deserve attention in such systems in future
studies. Our results pave the way towards tailoring the desired
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1D topological modes and understanding of coherent transport

in superconductor contacted InSb nanowires.
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