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High-mobility complex-oxide heterostructures and nanostructures offer new opportunities for ex-
tending the paradigm of quantum transport beyond the realm of traditional III-V or carbon-based
materials. Recent quantum transport investigations with LaAlO3/SrTiO3-based quantum dots have
revealed the existence of a strongly correlated phase in which electrons form spin-singlet pairs with-
out becoming superconducting. Here we report evidence for micrometer-scale ballistic transport of
electron pairs in quasi-one-dimensional (quasi-1D) LaAlO3/SrTiO3 nanowire cavities. In the paired
phase, Fabry-Perot-like quantum interference is observed, in sync with conductance oscillations ob-
served in the superconducting regime (at zero magnetic field). Above a critical magnetic field Bp,
electron pairs unbind and conductance oscillations shift with magnetic field. These experimental
observations extend the regime of ballistic electronic transport to strongly correlated phases.

SrTiO3-based heterostructures [1] and nanostructures
[2] host a wide range of physical phenomena, includ-
ing magnetism [3] and superconductivity [4]. In partic-
ular, LaAlO3/SrTiO3 (LAO/STO) heterostructures ex-
hibit strong, tunable spin-orbit coupling [5, 6], a cas-
cade of structural transitions [7], and non-trivial inter-
actions between ferroelastic domain boundaries [8, 9].
LAO/STO-based nanowires possess further surprising
behaviors, including intrinsic quasi-1D superconductiv-
ity [10], and strong electron pairing outside of the su-
perconducting regime [11]. Compared with the 2D
superconductor-insulator transition, the nature of cor-
related electron transport in 1D systems remains largely
unexplored. STO-based heterostructures exhibit a rela-
tively short phase coherence, of order ∼100 nm [12, 13].
Exploring the regime where the device dimensions are
smaller than the coherence length is challenging; the
mobility of devices created by optical or electron-beam
lithography generally decreases as the channel width is
reduced to sub-micrometer scales [14, 15].

There is growing evidence that scattering lengths, both
elastic and inelastic, are greatly enhanced for ultranar-
row devices created by conductive atomic force micro-
scope (c-AFM) lithography [2]. With this technique,
a voltage-biased c-AFM tip is placed in contact with
the LAO surface. Positive voltages applied to the tip
locally switch the LAO/STO interface to a conductive
state (write), while negative voltages applied to the tip
locally restore the LAO/STO interface to an insulating
state (erase). The tip can be scanned to draw nanos-
tructures with features as small as 2 nm [16]. It is
believed that the tip induces surface protonation and
deprotonation [17, 18], effectively modulating the in-
terface conductivity[19] without disrupting the integrity
of the interface. Previous transport measurements of
∼10 nm-wide channels at the LAO/STO interface show

a nearly two-order-of-magnitude enhancement of room-
temperature Hall mobility compared with 2D counter-
parts [20]. At low temperature, nanowire mobilities
exceed 104 cm2/Vs while 2D mobility measurements
generally remain an order of magnitude lower [20–23].
Quasi-1D LAO/STO nanowires exhibit conductance val-
ues that hover near the single-channel conductance quan-
tum e2/h, independent of channel length [24]. Addi-
tionally, conductance steps have been reported in edge-
defined LAO/STO quantum wires [25]. While conduc-
tance steps can arise from any point-like constriction [26],
and have also been reported in top-gated STO structures
that do not possess a 1D geometry [27], such step-like fea-
tures suggest that LAO/STO nanowires may be able to
cleanly resolve individual energy subbands.

Quantum interference experiments can provide use-
ful information about electron scattering. Analogous
to photonic interference in an optical Fabry-Perot cav-
ity, multiple reflections of electrons from the endpoints
of a nanowire cavity can lead to strong interference ef-
fects when the elastic scattering length exceeds the cavity
length. This interference requires not only phase coher-
ence but also absence of scattering [28]; many systems
with long coherence lengths have much shorter elastic
scattering lengths. In ballistic Fabry-Perot cavities, the
conductance through the cavity oscillates as a function
of the Fermi wavelength, which varies with the chemical
potential and is usually controlled by a nearby gate elec-
trode. Only a few material systems have been shown to
be capable of supporting micrometer-scale quantum in-
terference: suspended single-wall carbon nanotubes [29],
high-mobility graphene structures [30], and III-V semi-
conductor systems such as high-mobility heterostructures
[31] and stacking-fault-free nanowires grown by vapor-
liquid-solid techniques [28]. However, these systems of-
ten operate in a regime where electron correlations can be
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FIG. 1. Device schematic and Fabry-Perot oscillations. (a)
Schematic of cavity device defined by two barriers separated
by length L. Interference due to coherent scattering in the
cavity results in conductance oscillations periodic in Fermi
momentum. (b) Background-subtracted zero-bias differential
conductance (dI/dV ) of the cavity [between voltage leads 3
and 4 in (a)] and the open wire (between leads 2 and 3) in
the superconducting (red), paired (green), and normal (blue)
phases of Device A clearly reveals large oscillations are only
present in the cavity.

neglected; exceptions include Wigner crystal phases, and
magnetically and structurally confined one-dimensional
systems (i.e., Tomonaga-Luttinger liquids [32]).

In this Letter, we observe evidence of long-range bal-
listic transport of electron pairs in a complex oxide sys-
tem. This constitutes a new regime in which strong elec-
tronic correlations combine with ballistic electron trans-
port, which is the basis for a remarkable variety of quan-
tum transport phenomena [33], to achieve greater func-
tionality.

To investigate the ballistic nature of transport in
LAO/STO nanostructures, quasi-1D Fabry-Perot cav-
ities are created at the LAO/STO interface using c-
AFM lithography [2]. To create the geometry shown in
Fig. 1(a), first a nanowire of width w ≈ 10 nm is written,
followed by erasure steps to create semitransparent bar-
riers at both ends of the cavity. Devices are transferred
to a dilution refrigerator within 5 minutes of writing to
minimize decay, and are cooled to a base temperature

T = 50 mK for transport measurements. Current flows
through the main channel containing the two barriers.
An applied side gate voltage Vsg tunes both the trans-
parency of the barriers and the Fermi level in the cavity.
Independent voltage leads enable four-terminal measure-
ments of the cavity conductance, as well as that of an
adjoining open nanowire, i.e., without barriers. The dif-
ferential conductance is extracted numerically from I−V
curves measured as a function of Vsg and magnetic field.
Lock-in measurements are performed at reference fre-
quency f = 13.46 Hz and amplitude 100 µV. Cavities
of length L = 0.25 − 4 µm were studied, and all show
qualitatively similar behavior. Additional details of sam-
ple growth and fabrication of the nanowire and barriers
are described elsewhere (see Supplemental Material [34]).

There are three distinct transport regimes [11] as a
function of the applied magnetic field: superconducting
(SC), paired (P), and normal (N). At temperatures below
Tc ≈ 300 mK, and for out-of-plane magnetic fields below
Bc = µ0Hc2 ≈ 0.2 T, the LAO/STO interface exhibits
a sharp increase in conductance that is attributed to su-
perconductivity, both for 2D heterostructures [4] and 1D
nanowires [10]. The regime Bc < B < Bp has been pre-
viously identified as a strongly correlated phase in which
electrons exist as spin-singlet pairs without forming a su-
perconducting condensate [11]. At sufficiently large mag-
netic fields (above Bp ≈ 2− 5 T), electrons are unpaired
and behave normally.

As a function of Vsg, typical differential conductance
G = dI/dV measurements of the cavity exhibit quasi-
periodic oscillations at zero-bias, i.e., V4T = 0 V. The
variation in conductance G after subtraction of a slowly-
varying background (see Supplemental Materials [34] for
details) shows clear oscillations in the cavity, but not
in the open wire, in all three phases [Fig. 1(b)]. In the
superconducting state, the conductance oscillations cor-
respond to modulation of the critical current [34].

The transconductance dG/dVsg (Fig. 2, left panels),
which is computed by numerically differentiating the
zero-bias conductance G with respect to side gate, reveals
distinct features in the superconducting, paired and nor-
mal regimes. The superconducting state is characterized
by a sharp conductance peak belowB < Bc, (Fig. 2, right
panels, shaded red); correspondingly, the transconduc-
tance exhibits large oscillations. For B > Bc, the oscilla-
tions decrease in amplitude, yet maintain a definite phase
relationship with the superconducting state modulations,
confirming that transport continues to be dominated by
electron pair states despite the loss of superconducting
coherence. This phase relationship is preserved over the
magnetic field range Bc < B < Bp (shaded green). A
magnetically-induced universal phase shift, which occurs
throughout the field range but is hysteretic and not sym-
metric with field, is subtracted from the data [11, 34].
This global effect does not alter the internal structure of
the conductance oscillations. Across |B| < Bp, the uni-
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versal shift is generally very small compared to the shift
at large fields [34], indicating an overall insensitivity to
magnetic fields, consistent with the spin-singlet nature of
the paired state. For B > Bp (shaded blue), the electron
pairs break and the transconductance oscillations split
and change markedly with magnetic field.

The observed transconductance oscillations are con-
sistent with Fabry-Perot interference in cavity devices
up to 4 µm in length (Fig. 3). Transmission resonances
through the cavity occur when the quantum phase asso-
ciated with round-trip passage is altered by a change in
chemical potential or magnetic (Zeeman) interaction. In
the equilibrium case [Fig. 3(a),(c),(e), colored lines], in
which there is no net bias across the cavity, oscillations
appear as a function of the applied side gate voltage,
which changes the wavelength of the propagating electron
states. In the non-equilibrium regime [Fig. 3(b),(d),(f)],
an applied source-drain bias can also change the phase;
the result is a characteristic checkerboard pattern similar
to what has been reported for other systems such as car-
bon nanotubes [28, 29]. In Fig. 3(a),(c), and (e), the
non-equilibrium linecuts (black) are out-of-phase with
the zero-bias oscillations, creating the checkerboard pat-
terns.

Despite all cavity devices exhibiting zero-bias conduc-
tance oscillations, full checkerboard patterns extending
to finite source-drain bias only appear in small sub-
sets of gate voltage in most devices. For example,
the 4 µm cavity exhibits checkerboards for −15 mV <
Vsg < 20 mV in the superconducting and paired phases,
and for −75 mV < Vsg < −45 mV and 10 mV <
Vsg < 40 mV in the normal-state at B = 7 T (Fig. 3).
Non-equilibrium effects such as heating and the availabil-
ity of a range of momentum states can dephase transport
and damp the oscillations at sufficiently high bias values
[Fig. 3(a),(c),(e), black lines]. The preeminence of dips,
rather than peaks, has been explained by inter-mode cou-
pling at the scattering centers [29]; the participation of
multiple subbands within the cavity increases the like-
lihood of inter-mode scattering, which can also lead to
suppression of coherence signatures at finite bias.

The band structure of the material determines the
detailed nature of the observed Fabry-Perot oscillations
[46]. Resonant transmission through a cavity of length L
is periodic in the Fermi momentum, kF = nπ/L, so that
the period is inversely proportional to length; however, a
quadratic relationship between kF and Fermi energy EF

leads to a resonance period which depends on the effec-
tive mass of the energy band, and increases with energy
(see Fig. S2) [34]. This is in contrast to the constant
periodicity of Fabry Perot oscillations in carbon nan-
otube systems, which have a linear dispersion [29]. Ad-
ditionally, bulk STO has three degenerate 3d conduction
bands with t2g orbital character, and interfacial confine-
ment produces an approximately 50 meV upward shift
of the dxz and dyz bands relative to the lighter dxy band
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FIG. 2. Magnetic field dependence of conductance oscillations
for three devices. Left panels, Transconductance dG/dVsg

from a lock-in amplifier measurement of G at small (100 µV)
bias versus B and Vsg. Alternating red and blue regions cor-
respond to conductance oscillations. Right panels, Linecuts
of G versus B, at Vsg =0, -2, and 0 mV for (a), (b), and (c)
respectively, show a sharp peak attributed to superconductiv-
ity at |B| < Bc ≈ 0.2 T (shaded red), while the conductance
in the paired (shaded green) and normal (shaded blue) phases
is reduced.
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FIG. 3. Fabry-Perot interference signatures at finite bias for
an L = 4µm cavity (Device E). (a), (c), (e), Zero-bias and
finite-bias dG/dVsg linecuts as a function of Vsg at B = 0 T
[(a), SC], B = 1 T [(c), P], and B = 7 T [(e), N]. (b), (d), (f),
dG/dVsg vs V4T and Vsg in the superconducting phase [(b),
B = 0 T], paired phase [(d), B = 1 T] and normal, unpaired
electron phase [(f), B = 7 T], showing checkerboard features
in each phase.

[47]. The finite width of the quasi-1D nanowire can in-
troduce a manifold of transverse subbands. When new
subbands become accessible, abrupt changes in oscilla-
tion frequency are expected and observed, and beating
between oscillations due to different bands can disrupt
a simple checkerboard pattern. These effects can lead
to checkerboards appearing in the different subsets men-
tioned above, and can obscure a direct linear relationship
between device length and the interference Vsg period.
Additionally, inter-mode scattering can affect the Fabry-
Perot checkerboards, but is not included in the simple
transmission model in Fig. S2.

While conductance oscillations through the cavity are
evident for all values of magnetic field explored (up to
9 T), the open wire shows strong suppression of oscil-
lations in all three phases [Fig. 1 (b)]. The root-mean-
square amplitude of conductance fluctuations of the open
wire is reduced by an order of magnitude compared with
the cavity, suggesting that imperfections in the nanowires
contribute negligibly to scattering. The pattern of be-
havior described here, for both cavities and open wires,
is consistently observed for all of the 50 cavity devices
studied.

Devices with a single manufactured barrier, in which
no interference is expected to occur, were also studied,
and typical behavior is shown in Supplementary Fig. S8
[34]. Above a conductance value of ∼ e2/h, the conduc-
tance increases monotonically with increasing gate bias,
showing no signs of Fabry-Perot interference. In some
devices, Fabry-Perot signatures are observed; however,
in each of those devices, the low-Vsg regime also shows
quantum dot signatures [11]. These signatures are con-
sistent with the existence of a second, unintentional po-
tential barrier along the nanowire that creates a cavity
and associated interference patterns.
While systems which support Fabry-Perot interference

are expected to act as quantum dots when tuned to a
tunneling regime, not all 1D quantum dot systems can
exhibit Fabry-Perot interference [48]. Resonant tunnel-
ing observed in LAO/STO nanowire-based quantum dots
at low Vsg suggests that extended coherent states ex-
ist [11], but does not rule out disorder, which random-
izes carrier paths in the transport regime at high Vsg.
In contrast, Fabry-Perot interference as described here
demonstrates micrometer-scale elastic scattering lengths
in these nanowire cavities. Interestingly, such clean 1D
transport differs from behavior reported in 2D devices.
However, local probes have revealed the existence of nar-
row channel flow along ferroelastic domain boundaries
[8, 9], so understanding the distinctive transport in quasi-
1D structures is possibly relevant for transport measure-
ments of the 2D LAO/STO interface.

Specifically, the observation of Fabry-Perot interfer-
ence in the paired regime provides evidence for ballistic
transport of electron pairs in the quasi-1D LAO/STO
nanowire system. This result is in sharp contrast to
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Cooper pair insulators, in which electron pairs surviv-
ing outside of the superconducting state are localized
[49]. Metallic Bose phases have been observed in both
optical lattice [50] and solid state [49] systems, but even
in clean superconductors where the mean free path is
longer than the superconducting coherence length, the
mean free path is only on the order of 10 nm [51]. Addi-
tionally, these metallic Bose phases always appear below
the upper critical field for superconductivity in their sys-
tems. The results observed here in LAO/STO nanowires
are distinct due to both the ballistic nature of transport
of the uncondensed electron pairs, and the persistence of
this ballistic pair state well above the upper critical field
for superconductivity in LAO/STO.

Coherent, ballistic transport can be associated with
delocalization of the electron wavefunction. For the case
of ballistic electron pairs, this description is inadequate
since it does not describe the strong correlations leading
to the formation of composite bosons. Furthermore, what
happens when this delocalization length greatly exceeds
the superconducting coherence length? In LAO/STO,
the superconducting coherence length is ∼ 100 nm [4],

much shorter than the micrometer-scale ballistic trans-
port of electrons and electron pairs. Can competition
between superconductivity and delocalization alter or
suppress the superconducting state in these nanowires?
A theoretical framework is necessary for answering the
questions raised by the ballistic transport of electron
pairs.
Long-range coherent and ballistic transport in a

strongly-correlated electronic phase suggest LAO/STO
nanowires are promising candidates for studying the
rich theoretical predictions for one-dimensional transport
[52], including charge/spin separation [32]. These results,
along with the reconfigurable nature of this interface sys-
tem, indicate further applications of this system as a plat-
form for quantum information and simulation by using
these ballistic nanowires as quantum buses for both elec-
trons and electron pairs with modifiable correlations.
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