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Josephson ¢,-junction in nanowire quantum dots
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The Josephson effect describes supercurrent flowing through
a junction connecting two superconducting leads by a thin
barrier'. This current is driven by a superconducting phase
difference ¢ between the leads. In the presence of chiral and
time-reversal symmetry of the Cooper pair tunnelling process?,
the current is strictly zero when ¢ vanishes. Only if these
underlying symmetries are broken can the supercurrent for
¢ =0 be finite3. This corresponds to a ground state of the
junction being offset by a phase ¢,, different from 0 or x.
Here, we report such a Josephson ¢,-junction based on a
nanowire quantum dot. We use a quantum interferometer
device to investigate phase offsets and demonstrate that ¢,
can be controlled by electrostatic gating. Our results may
have far-reaching implications for superconducting flux- and
phase-defined quantum bits as well as for exploring topological
superconductivity in quantum dot systems.

The process of Cooper pair tunnelling through a Josephson
junction (J]) is, in general, symmetric with respect to time inversion.
This has a profound consequence for the JJ current-phase relation,
I(¢p). In particular it imposes the condition I(—¢)=—I(¢), which
in turn results in I(¢ = 0) being strictly zero. The I(¢=0)=0
condition is a consequence of the fact that for each process
contributing to current flowing in one direction there is an
opposite time-reversed process, in which spin-up and spin-down
electrons are reversed, that exactly cancels this current. However,
time inversion is not the only symmetry which can protect the
I(¢ =0) =0 condition. For example, in JJs based on single-domain
ferromagnets, time inversion is broken, but the supercurrent is still
zero for ¢ =0 owing to chiral symmetry—that is, the symmetry
between leftward and rightward tunnelling. This symmetry ensures
that the tunnelling coefficient describing the electron tunnelling
from the left lead to the right lead is exactly the same as the one
describing the tunnelling in reverse, from the right lead to the
left lead. The two tunnelling processes (leftward and rightward)
cancel each other, which again results in I(¢ =0) being strictly
zero. This is even the case for so-called mt-junctions®, in which
the current flow is reversed compared to usual JJs, but still
the underlying symmetries guarantee zero current for ¢ =0. To
create conditions for a non-zero supercurrent to flow at ¢ =0,
both symmetries need to be broken’. Various ways have been
proposed theoretically to break the underlying symmetries and
create ¢,-junctions, including ones based on non-centrosymmetric
or multilayer ferromagnets*®, quantum point contacts*, topological
insulators®', diffusive systems'"'?, nanowires'>'* and quantum
dots>>'¢. Alternatively, an effective built-in phase offset can be
obtained by combining 0- and 7- junctions in parallel'”'®. However,
no experimental demonstration of a ¢,-junction has been reported
until now.

In quantum dots (QDs), breaking of both symmetries can be
achieved by the combination of an external magnetic field and

the spin-orbit interaction (SOI)>'>'¢. A finite Zeeman splitting
between spin-up and spin-down electrons breaks the time-reversal
symmetry. On the other hand, breaking of the chiral symmetry
is more subtle. It requires an interplay between the SOI and the
magnetic field, and can occur only when multiple orbitals are
accessible for electron transport (see Fig. 1a). When an electron
goes in and out from the QD via only one orbital (Fig. 1a, upper
panel) the tunnelling coefficient is exactly the same for the leftward
and the rightward tunnelling direction. In this case the chiral
symmetry is preserved. If, however, the electron changes orbital
within the quantum dot during the course of tunnelling (Fig. 1a,
lower panel), an extra phase factor is acquired in the process of
orbital mixing. This phase factor, arising from the SOI-enabled
orbital mixing, now depends on the tunnelling direction and is
different for the leftward and rightward tunnelling process. As a
consequence, the two processes cannot cancel each other, and the
chiral symmetry is broken. Although here we discuss the case of a
single electron tunnelling through the QD, the same argument holds
for the breaking of the chiral symmetry in the tunnelling of Cooper
pairs (see Supplementary Section 1 and ref. 5). Note that in this
scenario both symmetries are explicitly broken by the combination
of the magnetic field and the SOP.

The device geometry is shown in Fig. 1b,c. A single nanowire,
made of indium antimonide (InSb), is contacted using niobium
titanium nitride (NbTiN) as a superconductor to make two JJs
forming a quantum interference device (SQUID). We choose InSb
nanowires owing to their large spin-orbit coupling and g-factors,
both of which are important for breaking time inversion and
chiral symmetry at relatively low magnetic fields'**. Electrostatic
gates below the wire are used to create a tunable quantum dot
in the longer JJ and control the switching current of the shorter
reference JJ (ref. 19; Fig. 1b). Our coordinate system is defined
such that the in-plane magnetic field coincides with the x- and
z-axis, whereas the flux through the SQUID is applied along the
y-direction (Fig. 1c). Standard quantum dot characterization, while
the reference junction is pinched off, is used to determine the values
of the charging (Ec) and orbital (E,,) energies as well as g-factors.
Depending on the confinement details and QD occupation
number we find Ec =2-3meV, E,;, =0.3-1.5meV and g =40-50
(Fig. 1d). We identify small peaks around zero bias as an onset of
superconductivity, and estimate the induced superconducting gap
in the QD to be A*=20-50 peV (see Supplementary Section 2).

First we measure the SQUID response in current bias for zero
in-plane magnetic field (Fig. 2). Switching currents for the reference
and quantum dot JJ, I and ILqp, satisfy L >> I.qp, ensuring that
the phase drop is mainly across the QD. The measured voltage as
a function of flux and bias current I;,, shows oscillations with a
period of By =1.2mT (Fig. 2a), corresponding to an effective area
of 1.8 um?, which is consistent with the SQUID geometry and the
penetration depth of NbTiN (1”170 nm). Both junctions are in the
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Figure 1| Schematics of the experiment. a, Schematics showing tunnelling of an electron through the QD with two orbitals labelled 1and 2 which are

mixed by the SOI. The blue (red) line describes tunnelling of an electron from the left (right) to the right (left) lead. When there is no change in orbital, the
two processes cancel each other (upper panel). In contrast, when the orbital is changed during the tunnelling (lower panel), owing to interplay between the
SOl and a magnetic field B, leftward and rightward tunnelling processes do not cancel. In this case an extra phase x is obtained in the process, which
depends on both the strength of the SOI and Bj,-plane. Note that the phases for forward and backward tunnelling are opposite. b, Device schematic showing
a dc-SQUID measured in a four terminal geometry. Voltages V4, V2, V3 and V.t are applied on underlying gates to control the conductance of the JJs.

¢, Scanning electron microscopy (SEM) image of the actual device. Gates Gy, G, and Gz are used to define a quantum dot in the long JJ, while G,¢f tunes the
current through the reference JJ. The orientations of the in-plane magnetic fields Bx and Bz are marked. By is used for tuning the flux @ through the SQUID.
d, Current as a function of V5, and Bx showing QD evolution of the Coulomb peak spacing in the field which gives g-factor g, ~ 51. From similar data, taken

for Bz, we obtain g, ~ 44, and estimate the level repulsion between different spin configurations due to the SOI of Aso~170 ueV. The extracted Asp
corresponds to a spin-orbit length s, 2350 nm and a spin-orbit energy Fso 220 peV, comparable to previous QD experiments'®. Measurements are
performed in the voltage bias regime, Vpias =500 uV. The dashed rectangle indicates the range of Bx for which the go-junction is observed.

phase-diffusive regime, such that no hysteresis is observed (Fig. 2a,
right panel). This allows probing of the phase response by applying
a finite I, = 100-500 pA close to I and monitoring the voltage
drop , V, across the SQUID as a function of gate voltage V, and
flux @ (see the lower panels in Fig. 2a,b as well as Supplementary
Information Section 2).

In this QD regime, the phase of the SQUID pattern depends
crucially on the dot occupation number (Fig. 2b). For example, for
V, ~ —247 mV, the measured voltage oscillates as a function of @
with a particular phase (purple coloured line in Fig. 2b lower panel).
When V, is increased to around —240 mV, the oscillations disappear
and the overall voltage drops as the charge degeneracy point is
reached. By increasing V, further, the oscillations recover with an
extra 7t phase corresponding to the sign reversal of the supercurrent
ina QD* (light blue line in Fig. 2b lower panel). The change of phase
by 7 is repeated for several consecutive charge states.

The change in phase measured for zero in-plane field occurs
owing to the change in the electron parity of the ground state.
In a simple physical picture, for odd QD occupancy, the order of
electrons forming a Cooper pair is reversed in the process of co-
tunnelling through a single quantum dot orbital. This results in
the sign reversal of the supercurrent and the observed m shift, as
previously reported in ref. 21. Note, however, that even if the phase
of the ground state is changed, I(¢ =0) remains zero, which is
anticipated as time-reversal symmetry is preserved.
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Finite magnetic fields can substantially modify this simple
picture in two ways. First, the QD levels split by Zeeman energy,
which results in different co-tunnelling rates for spin-up and
spin-down electrons, and therefore breaks time-reversal symmetry.
Second, the spin split levels belonging to different orbitals move
closer in energy, which enables more than one orbital to contribute
to the co-tunnelling process. This, in turn, combined with strong
SOI-induced orbital mixing and asymmetry in the barriers, results
in the breaking of chiral symmetry (see Supplementary Section 1)¢.
Under these conditions one can expect an anomalous current and
shifts in the phase by an arbitrary ¢, (see Supplementary Section 3
for details on the relation between the anomalous current and ¢,).

For finite in-plane magnetic fields we find regimes in which
the shifts of the SQUID pattern are different from 0 or 7. Instead,
the shifts take non-universal values depending on the specific QD
configuration and magnetic field direction and strength (Fig. 3).
Figure 3a,b shows an example taken close to the QD charge
degeneracy point. The shift in SQUID response between the two
Coulomb blockade regions is approximately 0.7m. This value is
considerably different from the value 5t observed for the same QD
regime when the in-plane field is zero (compare the data in Fig. 3b,d
with the data in Fig. 2b). Note also that, although effects related to
finite temperature have an impact on the critical current values, and
in general on the values and visibility of the SQUID response, they
do not contribute to any phase offset (see Supplementary Section 4).
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Figure 2 | Nanowire SQUID characterization for Bj,.piane = 0. a, Voltage
across the SQUID, V, as a function of bias current Ip;5s and flux @ through
the SQUID. The right panel shows V versus I35 measured at @ =4dq (cut
along the orange dashed line). The switching current Is separating low- and
high-resistance regions is indicated. The lower panel shows voltage versus
@ for lpias =450 pA (cut across the green dashed line). b, V as a function of
V5 and @ for Ipi;s =190 pA. The phase of the SQUID oscillations alternates
between O and &t depending on the electron parity of the ground state of
the QD. The right panel shows Coulomb peaks in the voltage bias regime.
The bottom panel shows V versus flux cuts at lhi;s =195 pA for

V,=-247 mV (purple) and V, =—233mV (light blue).

The measured gate-tunable phase shift directly implies a finite
@, different from 0 or 7, for at least one of the Coulomb blockade
regions. Importantly, this shift cannot be explained by simple
higher-harmonic terms in the JJ current-phase relation which can
occur in various semiconductor-based junctions®*. Even if such
terms were present, as long as I(—¢) =—1I(¢), the SQUID response
would have to be symmetric around the points corresponding to
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integer values of the threaded flux. As this is clearly not the case in
the data shown in Fig. 3, the I(—¢) = —I(¢) condition is violated.
Note that both junctions in the SQUID are nanowire based and,
therefore, phase shifts can occur in the reference junction as well.
For this reason, shifts in the SQUID pattern should be interpreted
as relative offsets in ¢, of the QD-based junction.

Typically, the phase of the SQUID oscillation is constant within
the Coulomb blockade region and changes only at the charge
degeneracy points. Depending on the exact gate settings, the phase
change appears either as a discrete jump or a continuous transition.
In the investigated regimes, we measured jumps when the QD is
strongly confined (as in Fig. 3a,b). For a more open QD we observe
a continuous change in the phase of the SQUID response as we
tune the gate G, across the charge degeneracy point (Fig. 3¢,d). This
behaviour is not fully understood, but we note that transport for
a strongly confined QD is dominated by the resonant tunnelling
process at the Coulomb peak, and therefore can be very different
compared to the transport deep in the blockaded regime. This effect
is not pronounced for an open QD in which higher-order tunnelling
processes are relevant. In the regimes where the SQUID oscillations
can be detected along the whole charge transition, we observe a
continuously changing phase. Importantly, in all regimes, fields of
Biy plane & 50-150 mT are required to see a noticeable shift in the
SQUID response (see Supplementary Section 5). These fields are still
around two to four times smaller compared to the critical fields of
Biyplane =200-300 mT at which the SQUID response vanishes.

Finally, we examine the magnetic anisotropy dependence of the
SQUID pattern, to further study the microscopic origin of the
@o-junction. The data showing phase shifts between neighbouring
charge states for various in-plane magnetic field angles are presented
in Fig. 4. Consistently, for many different QD regimes, we
observe that the maximum shift of the SQUID pattern is most
pronounced when an in-plane field is applied orthogonal to the
nanowire. Previous quantum dot experiments have identified this
field orientation with the preferential spin-orbit direction By, for
quantum dots®. These measurements are consistent with SOI-
enabled orbital mixing, which predicts a maximal phase ¢, for
Biypane | Bso (refs 5,15,16). Note that other known mechanisms
which could in principle lead to additional phase shifts, such as flux
penetrating the JJ area, are not consistent with the observed data (see
Supplementary Sections 6 and 7 for a more detailed discussion).

In summary, we demonstrated a gate-tunable Josephson
@o-junction. Results presented here imply that the breaking of
the underlying symmetries can be achieved in superconductor—
quantum dot structures while maintaining coherent transport
of Cooper pairs. In this context, our experiment is directly
related to the efforts of studying triplet superconductivity and
superconducting spintronics® as well as in achieving topological
superconducting phase in quantum dots coupled to an s-wave
superconductor'®” 2. Aside from that, a gate-tunable phase offset
may open novel possibilities for the realization of electrically
controlled flux- and phase-based quantum bits®, superconducting
computer memory components®, as well as superconducting
‘phase’” batteries and rectifiers**. Finally, we note that other one-
dimensional materials, such as carbon nanotubes, where spin—orbit
interaction is strong owing to the curvature of the tube, may be
explored in the context of ¢,-junctions™.

Methods

Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.
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Figure 3 | Observation of a continuous phase change in the Josephson ¢g-junction for finite Bjy.piane- a,¢,V as a function of V> (a) and V3 (¢) and the flux
at fixed current bias (Ihias =470 pA, Bin-plane =120 mT and 6 = —135° for a; lpjas =240 pA, Bjy_plane =75mT and 6 =—35° for ). Here, 6 is the angle
between the direction of the in-plane magnetic field and the nanowire axis. In contrast to the data taken at zero in-plane magnetic field, the phase shift of
the voltage oscillations in flux is tunable with gate voltage (V5 in a; V3 in€). b,d, V versus flux for values of V5 (b) or V3 (d), marked by the respective
dashed lines on a and ¢, showing phase shifts. In b, the red curve is taken at V, =—285mV and lpj,s =460 pA and the blue curve at V, =—240 mV and
Ibias =470 pA. The relative offset from the two curves is 0.35+0.1®¢. In d, the curves (from top to bottom) are cuts from ¢ taken at V3 values of 213 mV,
218 mV, 225mV and 229 mV. The corresponding offsets in phase compared to the top curve are (0.1+0.05)®g, (0.3+0.05)®g and (0.4 +0.05)®o. Note

that in the QD regime shown in ¢ and d we used gate Gz for tuning.
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Methods

Device fabrication. The indium antimonide (InSb) wires used in the experiments
were grown using the metalorganic vapour phase epitaxy (MOVPE) process”. The
wires were transferred to a SiO, chip with local electrostatic gates made of Ti/Au of
thickness 5 nm/10 nm, predefined by means of electron beam lithography. The
superconducting contacts were subsequently designed and patterned over the
wires, and before deposition the wires were etched in Ar* plasma for 120s to
remove native surface oxides. NbTiN was sputtered in conditions similar to those
described in ref. 38.

Measurements. All measurements are performed in a He3/He4 dilution
refrigerator equipped with suitable high-frequency electronic filtering at a base
temperature of T =20 mK. The magnetic fields, both in-plane and for flux bias, are
applied by means of a 3-axis vector magnet.

To avoid hysteresis in the magnetic field while performing flux-biased
measurements, we first step the magnetic field in the y-direction to adjust the flux
to the desired value. We then set the gate and measure the voltage over our device
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for gate values corresponding to different charge states of the quantum dot. Then
we step the flux forward and repeat the voltage measurements for the same gate
values and so on. Hence, the flux increases monotonically for a data set related to a
particular in-plane field value, and we do not suffer from hysteresis from the vector
magnet. Our measurements were reproducible, and finite offsets in the SQUID
response corresponding to the ¢,-junction were observed in three separate
cooldowns of the device.

Data availability. The authors declare that the data supporting the findings of this
study are available within the article and its supplementary information files.
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Erratum: Josephson ¢-junction in nanowire quantum dots
D. B. Szombati, S. Nadj-Perge, D. Car, S. R. Plissard, E. P. A. M. Bakkers and L. P. Kouwenhoven

Nature Physics 12, 568-572 (2016); published online 2 May 2016; corrected after print 2 September 2016

In the version of this Letter originally published ref. 34 was not updated and should have read: Gingrich, E. C. et al. Controllable 0-t
Josephson junctions containing a ferromagnetic spin valve. Nature Phys. 12, 564-567 (2016). This has now been corrected in the online
versions of the Letter.
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