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A Josephson junction (JJ) couples the supercurrent flowing between two weakly linked superconductors to the phase difference
between them via a current-phase relation (CPR). While a sinusoidal CPR is expected for conventional junctions with insulating
weak links, devices made from some exotic materials may give rise to unconventional CPRs and unusual Josephson effects. In this
work, we present such a case: we investigate the proximity-induced superconductivity in SnTe nanowires by incorporating them as
weak links in JJs and observe a deviation from the standard CPR. We report on indications of an unexpected breaking of time-
reversal symmetry in these devices, detailing the unconventional characteristics that reveal this behavior. These include an
asymmetric critical current in the DC Josephson effect, a prominent second harmonic in the AC Josephson effect, and a magnetic
diffraction pattern with a minimum in critical current at zero magnetic field. The analysis examines how multiband effects and the
experimentally visualized ferroelectric domain walls give rise to this behavior, giving insight into the Josephson effect in materials

that possess ferroelectricity and/or multiband superconductivity.
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INTRODUCTION

A Josephson junction (JJ) is a device where two superconductors
are coupled by an insulating barrier, superconducting constriction,
or conducting a weak link. Fundamental to these junctions is the
relationship between the supercurrent (Is) and the phase
difference (¢) between the two superconductors, known as the
current-phase relation (CPR)'. For conventional JJs, this relation-
ship is given by Is(¢p) = Icsin(¢) where I¢ is the critical current. Built
into this CPR is a statement of time-reversal symmetry, which is
reflected in the antisymmetric property Is(¢p) = — Is(—¢) of the
CPR’. The CPR can become more complex, for example in JJs with
weak links made of high electrical quality materials. In these JJs,
higher order processes arising from multiple Andreev reflections
can add higher harmonics to the CPR. Despite the complexity,
time-reversal symmetry in these junctions holds.

JJs have also been created with superconductors or weak links
which possess broken time-reversal symmetry (BTRS). These
systems include JJs with ferromagnetic weak links®® and with
spin-orbit coupled materials in the presence of a magnetic field*°.
This also includes materials that maintain time-reversal symmetry
in the normal state but break this symmetry upon entering the
superconducting state, including multicomponent superconduct-
ing states in multiband materials’?, grain boundaries in d-wave
superconductors®'® and in topological p-wave superconductors
like Sr,RuO,'". Junctions comprised of these materials exhibit
common characteristics that arise from BTRS. The first is a
measured critical current that depends on the sign of the current
through the junction. The second is a CPR which is dominated by
a second harmonic, a result of either the presence of transport
channels that are out of phase—so-called "0" and "11" supercurrent
channels—or a Josephson coupling that vanishes in the first order.
This asymmetric critical current and dominant second harmonic

have been predicted and/or measured in JJs with materials
containing ferromagnetism?*'2™'> or spin-orbit interaction in the
presence of a magnetic field'®'”, d-wave superconductors®,
multiband superconductors'®23, and topological (p-wave) super-
conductors®*%’,

Below we detail signatures of BTRS in JJs with SnTe nanowires,
focusing on a critical current that depends on the direction of
current flow and a strong second harmonic in the CPR. These JJs
share many of the properties of aforementioned exotic super-
conducting junctions. We demonstrate how the combined effect
of the multiple bands present at the Fermi energy and the
existence of ferroelectric domain walls in SnTe can explain the two
signatures of BTRS in these JJs. This multiband superconductivity
and the new Josephson effects can be used to investigate a host
of unconventional superconductivity properties including frac-
tional vortices?®*°, topological superconductivity in multiband
materials*°>2, and new types of Josephson-based devices in
proximity-induced multiband and ferroelectric superconductors’?,

RESULTS
Broken symmetry in the DC Josephson effect

The Josephson effect is measured in JJs fabricated with SnTe
nanowires using lock-in detection of the differential resistance r =
dV/dl as a function of the applied DC current (Ipc) and AC current
(measured in power P) at a temperature of T~ 25mK (see Materials
and Methods for further details on nanowire synthesis and
measurement). r(lpc) at P=0 is shown in Fig. 1a. There is no
dependence of r(lpc) on the direction of the current sweep,
indicating that the junction is overdamped?3. Unlike conventional
overdamped JJs, different values of Ic are observed for positive
(Ié) and negative (Ic) Ipc. Sweeps of Ipc in both directions reveal
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The DC Josephson effect. a Differential resistance r as a function of DC bias current Ipc in different sweep directions. The bias sweeps

show no hysteresis and two nonidentical critical currents and peak heights hf and hZ. The curves are offset for clarity. Inset: Schematic of a JJ
consisting of two aluminum (Al) superconductors coupled via a SnTe nanowire. White scale bar is 1 um. b The simulated differential resistance
r{lpc, B) calculated by the resistively shunted junction model, where the best fit of parameters (A, ) are (0.6—0.97). The resulting CPR is plotted
in ¢. d The magnetic diffraction pattern r(/pc, B), showing a critical current minimum at B=0.

that the difference in If and /¢ remains. The measured critical
currents Ic =1.1uA and [f =0.92uA give the critical current
asymmetry I /If ~ 1.2. These sweep-direction-invariant effects
are not predicted for conventional JJs*>. Further, we also measure
an asymmetric height of the peak in r, with the peak in r larger for
Ic. The measured peak heights hc =65.9Q and h{ = 45.2Q
produce the peak height asymmetry hc /h¢ ~ 1.46.

Numerical simulations of the resistively shunted junction
model®* were performed (Fig. 1b) to reveal the CPR that
gives rise to this asymmetric critical current. Conventional JJs
possess a CPR that is both inversion and m-translation antisym-
metric, a result of time-reversal symmetry. The only way to
reproduce r(lpc) curves that are not symmetric in Ipc is to break
both of these symmetries: we accomplish this with the CPR
Is = Ic[(sin(¢p) + N sin(2¢)] + Alsin(¢ + B) + nsin(2(¢ + B))]. This
CPR is comprised of two terms, each containing a first and second
harmonic, that is offset by a phase 8. The parameter A determines
the relative strength of the two terms in the CPR. The parameter n
is the strength of the second harmonic terms that are expected to
provide a significant contribution in the BTRS state for multiband
materials®'**, The presence of a strong second harmonic will be
confirmed in our measurement of the AC Josephson effect (Fig. 2)
and a value of n=0.9 is extracted from these measurements.
Values for A and 8 are chosen to best match the experimentally
determined asymmetries Ic /If ~ 1.2 and hc /hf =~ 1.46>% A=
0.6, 3= —0.971. The CPR for these values are shown in Fig. 1c and
possesses BTRS, i.e., I(¢) # —I(—¢). The essential features of these
CPRs are the two inequivalent minima/maxima which occur at
different values of Is: it is these features that give rise to the
differences in IZ, Iz and h{, hc.

Strong half-steps in the AC Josephson effect

JJs of SnTe show two other signatures of BTRS: a predominant
second harmonic in the AC Josephson effect and a magnetic
diffraction pattern with a minimum at zero magnetic field, as
shown in Fig. 1d. We leave the detailed discussion of the
diffraction pattern to ref. 3%, and now turn our attention to the
modification of the AC Josephson effect. The presence of a second
harmonic component—expected in the BTRS state?22—will
result in additional steps at values of half the expected hf/2e. A
plot of r(lpc, P) is shown in Fig. 2a taken at f =5 GHz. In addition to
dips in r observed at the expected integer values (labeled in
white), prominent features at half-integer values are also apparent.
This is more clearly seen in cuts of Fig. 2a, shown in Fig. 2b taken
at P=—-11.8dBm. In addition to the dips in r (gray curve) at
integer values, clear dips at half-integer values occur. In fact, the
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Fig. 2 AC Josephson effect. a In addition to the integer Shapiro
steps, labeled in white, fractional Shapiro steps appear in between
the integer ones in a plot of r(lpc, P). b r(lpc) (gray curve) and
integrated voltage W(pc) (blue curve) taken at an applied RF
frequency f=5 GHz, P = —11.8 dBm. The first 1/2 integer step occurs
with nearly equal intensity to the first integer step.

-2 -1

drop in r at 1/2 is nearly equal to that at 1. In addition, the
integrated voltage V = [(dV/dl)dl versus Ipc curve is shown in blue.
The dips/plateaus measured in r/V are nearly equal in strength,
indicating that the contributions of the first and second harmonic
to the CPR are approximately equal. This depth magnitude is used
to extract the value of n=0.9 for the CPR used in the numerical
simulations in Fig. 1b.

The Shapiro diagram (Fig. 2a) also has two other signatures that
indicate nearly equal contributions from the first and second
harmonic terms. First, the width of the zeroth step does not go to
zero (indicated by the two white vertical lines), as expected for the
zeroth-order Bessel function. It does go to zero for the second
closure. Second, while the step width in Ipc of the half-integer
steps is modulated with P, showing regions of P where the step
width goes to zero (as is expected), the width modulation is less
pronounced on the integer steps. These differences occur when
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the CPR has both first and second harmonic terms (as detailed by
simulations in ref. 3%

Subharmonic steps are expected for underdamped junctions
and for overdamped junctions with skewed CPR. Our junctions are
overdamped; hence we rule out the former as being the cause.
Skewed CPRs in overdamped junctions produce fractional Shapiro
steps, but the strength of these steps is much reduced compared
with the integer steps. For comparison, see ref. 3 for the AC
Josephson effect in a similar material, PbysSngsTe. The CPR in
ref. * used to reproduce the experimental data is that of a ballistic
JJ, a CPR that has the greatest amount of skewness amongst the
likely candidate CPRs. Yet, it produces dips at fractional values that
are an order of magnitude smaller than the integer value dips.
Therefore, we also rule out the skewed CPR as the source of the
observed effect.

Multiband effect and ferroelectric distortion in SnTe

SnTe is not known to possess ferromagnetic correlations. It has a
strong spin-orbit coupling but the effects observed in this paper
are at zero magnetic field. Thus, Zeeman splitting or the effects of
spin-orbit coupling in magnetic fields cannot explain our
observation. Although SnTe is a topological crystalline insulator,
as-grown SnTe nanowires have a Fermi energy buried in the
valence®**”; hence, transport properties should be dominated by
the bulk electronic states. Doped via Sn vacancies, superconduct-
ing SnTe has properties that agree well with BCS theory. Yet it has
been shown that multiband effects are essential in the description
of superconductivity in this material®®.

In this work, superconductivity arises via the proximity effect,
which has a very different character when the proximitized
material has multiple bands. Nanowires of SnTe(100) have a rock
salt structure that produces two effective bands in the electronic
structure of SnTe3*. Figure 3a shows an illustration of the
proximity effect at the interface between a material with two
bands and the aluminum superconductor, where superconducting
correlations are introduced into each band via couplings J; and J,.
In addition, coupling between the bands J facilitated by scattering
must also be taken into account. When all three couplings are
present, the superconducting phase on each band can become
unequal. It is at this interface and under the influence of these
three couplings that time-reversal symmetry is broken (see ref. **
for a complete theoretical description).

The proximity effect between an s-wave superconductor and a
multiband material shares similarities with a junction between an
s-wave superconductor and an st superconductor. Theoretical
investigations of junctions between s-wave and s+ superconduc-
tors demonstrate BTRS®'®"°, The manifestation of BTRS is twofold.
First is the creation of a canted state (Fig. 3d)'®?', where a
nonzero angle forms between the phase of the bands and the
phase of the superconductor. Three possible phase angle
configurations are shown: for J< (J;, J,) (Fig. 3b), J>(J;, Jo)
(Fig. 3c) and J~ (J;, J,) (Fig. 3d). In the case where J> (J;, J,) and
J~ (J; = J5), a novel superconducting state called sz is formed. The
resulting effect of this canting is the generation of chiral currents
in momentum space'®'°—a result of the Josephson currents
produced by the difference in phase angle between different
bands—that give rise to BTRS.

The results of the above references cannot, however, comple-
tely describe the experimental results of this Letter. A key
distinction from those references is that the curve in Fig. 1c has
two minima occurring at different values of Is. These unequal
minima are key to replicating the experimental results. Previous
theoretical predictions dictate that these two minima be equal, a
result of the two-phase angle configurations in Fig. 3d being time-
reversal-symmetric partners'®. Here, the low-temperature ferro-
electric distortion has an important role, both in creating unequal
magnitude in the phase angles in the two bands and the phase
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Fig. 3 Proximity effect in a two-band system. a The two bands in
SnTe are coupled to the order parameter with phase ¢s in aluminum
via an external pairing field for J;, J,. The interband coupling J is
facilitated by the scattering of carriers between bands. 6, and 6, are
the phases of individual order parameters in the two bands. b-d The
competition between the coupling strengths J and J;, results in
different relative phases between two bands. b When J < J; ,, the
phases tend to align with each other. ¢ When J>> J, ,, the phases of
two bands are out of phase by 7. d In the intermediate regime J~
J12, the phases are canted (shown for the case J; =J,). The two
degenerate states in the BTRS case are shown.

<—l—
J<<dj, JI>J;,

accumulated by an electron/hole when crossing a domain wall
between different ferroelectric domains.

The phase angles in the canted state are determined by the
coupling to the Al superconductor (J; 5), which is in part determined
by the density of states at the Fermi energy in the SnTe nanowire.
Bulk and thin-film SnTe are known to undergo a ferroelectric
transition at low temperatures, causing an unequal density of states
at the Fermi energy in the two bands of SnTe***°. Transport
measurements of the SnTe nanowires have shown clear kinks in the
resistivity curves as a function of temperature, indicative of the
ferroelectric transition®®. However, the ferroelectric distortion has
not been directly observed in nanowires. This is important to
establish since the ferroelectric distortion will produce an unequal
density of states in each band. The density of states in each band
after the ferroelectric distortion can be estimated from the
electronic density n. Although the electronic density n cannot be
extracted from Hall measurements on nanowires, we can get an
estimation for n from 2D platelets of SnTe grown under similar
conditions, giving a value of ~102' cm 3%, This gives a Fermi
energy of 330 meV. The ferroelectric distortion pushes one valence
band down in energy by 300 meV*® and both bands are occupied
with a relative density of states size of approximately three between
the large and small pocket.

To confirm the presence of a ferroelectric distortion, the SnTe
nanowires were cooled down to 12K in in situ cryo-transmission
electron microscope (TEM) experiments to visualize the ferro-
electric transition and the microstructure of the ferroelectric
domains present in the SnTe nanowires at low temperature
(further TEM details can be found in ref. 3%). At room temperature,
the SnTe nanowire shows uniform contrast in the bright-field TEM
image (Fig. 4a); at 12K, dark bands appear along the nanowire
perpendicular to the long axis (Fig. 4b), which were absent at
room temperature. These dark bands mark the domain walls
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T=290K

T=12K

Fig. 4 Effect of ferroelectric distortion on proximity effect and
Josephson current. a-b TEM images of a SnTe nanowire at T= 290 K
and T= 12K, respectively. The scale bar in the upper right corner of
each image is 50 nm. Dark bands perpendicular to the growth
direction, indicated by red lines in b, are domain walls separating
different polarization directions. Scale bars in the upper right corner
of each image are 50 nm. ¢ The cubic lattice at room temperature
undergoes a transition to a rhombohedral lattice at T=80K with
two domains. d Unequal phase angles for the two ferroelectric
domains. e The four-channel supercurrent flow across a domain
wall. The two interband channels /; behave like conventional "0"-
junctions, whereas the intraband channels [; behave like "m"-
junctions.

between two ferroelectric domains that emerge at low tempera-
tures. This was confirmed by examining the electron diffraction
pattern from the nanowire. The ferroelectric transition is
accompanied by the cubic-to-rhombohedral structural transition
in SnTe. As the nanowire is cooled, the cubic electron diffraction at
room temperature changes to show two sets of diffraction
patterns that are rotated by an angle of Aa~1.2°% consistent
with the two expected ferroelectric domains (Fig. 4c). The cubic-
to-rhombohedral phase transition occurs at 80 K for this nanowire,
as all the dark bands suddenly disappear at this temperature®*.

The domain walls observed in Fig. 4a are important when
considering the supercurrent flow through the JJ. Domain walls
between superconducting order parameters are known to cause
modifications to Josephson currents. For example, complete
destruction of the magnetic diffraction pattern has been ascribed
to the coexistence of many energetically degenerate p-wave
superconducting domains''. Also, the motion of the walls
between different metastable positions can produce a fluctuating
critical current*™2. In some SnTe devices, we observe a similar
fluctuation of critical current®”. Hence, we now consider the CPR
across a domain wall in SnTe JJs.

DISCUSSION

The CPR can be calculated using the phase angles determined by
the proximity effect. Across the domain wall will be four
superconducting channels: two intraband and two interband
channels®'. The four calculated CPRs are /;(¢) = ijsin(¢ + 6f —
Gf) for all pairs of i, j= 1, 2, where Of(ﬁ) are the phase angles of the
ith(ith) band on the left(right) side of the domain wall and
iy = 2eh7 AT /m>*. Two conclusions can be drawn from a density
of states that differs by a factor of approximately three on the two
valleys. First, the valley with the larger pocket will have a phase
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angle near zero, whereas the smaller pocket is near m%2'. Hence,
6:,6% ~ 0and 65,67 ~ m (Fig. 4d), giving rise to two "0" interband
(i#j) and two 7 intraband (i = j) supercurrent channels (Fig. 4e)%'°.
The presence of competing 0 and 7 channels explains the
predominant second harmonic and the magnetic diffraction
pattern. Further, we can use the density of states to estimate
the ma%nitude proximity-induced  superconducting  gaps
AR =3A% =37, The relative magnitude of the "0" and
"' is then: iy + iy = 2eh/m£AﬁA§ + A5AR) = 2eh/m(104¢) and
i1 + iy = 2eh/m(ALAR + ASARY = 2eh/m(64). The ratio is 0.6.
Both the phase and the relative amplitude agree very well with
the values for A and 8 obtained from the simulation.

In summary, we have investigated the combined effects of
proximity-induced multiband superconductivity and ferroelectric
distortion on the dynamic properties of JJs with SnTe nanowire
weak links. Four unexpected JJ behaviors—the asymmetric critical
currents, peaks heights, strong second harmonic, and anomalous
magnetic diffraction pattern—were explained within the theore-
tical framework. The role of the ferroelectric distortion offers new
routes to control the flow of supercurrents, where modification of
the density of states or ferroelectric transition temperature by
electric fields and strain can be used to modulate the supercurrent
and the offset phase in the device. The manifestation of multiband
and multicomponent superconductivity in our devices offers
experimental access to the phase induced on individual bands.
This allows for the investigation of the order parameter in novel
superconductors’® and for the determination of topology in the
superconducting state3°732,

METHODS

Nanowire growth

The SnTe nanowires measured in this study were synthesized by metal-
catalyzed chemical vapor deposition using a single-zone furnace. SiO,/Si
substrates decorated with 20 nm-wide gold nanoparticles were used as
growth substrates. SnTe and Sn source powders were mixed and placed at
the center of a horizontal quartz tube with one-inch diameter while the
growth substrates were placed upstream in the quartz tube, 10-13 cm
away from the center. The furnace was heated to 600°C and remained at
the temperature for 1 hr with an Ar carrier gas at a flow rate of 20 s.c.c.m.
After the growth, the furnace was allowed to cool naturally. The growth
substrates contain SnTe microcrystals, nanoplates, and nanowires whose
atomic structure and chemical composition were characterized by TEM
and energy-dispersive X-ray spectroscopy. The details of the synthesis
reactions and microcharacterizations of SnTe nanowires can be found in
our previous reports (Supplementary reference [5]). For this study, we
select SnTe nanowires with cross-sectional lengths of <~300 nm.

TEM

The nanowires were characterized by TEM for their atomic structure as well
as chemical composition. The experiments were carried out using Gatan’s
liquid-He cryo holder (HCTDT 3010) and JEOL JEM-ARM200CF at 200 kV at
Brookhaven National Laboratory. SnTe nanowires were drop-casted onto
Cu-mesh TEM grids overlaid with a thin carbon support film. The TEM
sample was cooled from room temperature to 12K by cooling the cryo
holder with liquid helium. The temperature sensor measures the
temperature of the holder, and the actual temperature of the sample
may be ~5-10K higher. More details about the cryo-TEM experiments
are presented in ref. 3,

Device fabrication

Our Josephson devices are fabricated on ~5 mm x 5 mm Si/SiO, chips with
SnTe nanowires dispersed atop them. First, a pattern of equally spaced
alignment marks is written using Elionix ELS-G100 100 kV Electron-Beam
Lithography System with a dose of 1600 uC/cm? After the 60 in situ
argon plasma etch at 50W, Ti/Au are deposited (5nm/70nm) using
e-beam evaporation. After liftoff of the alignment marks, ideal SnTe wires
are selected using an optical microscope. Then, the Josephson devices
are written atop these wires using a dose of 1600 uC/cm? The sample
undergoes a 60s in situ argon plasma etch at 50 W, followed by the
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sputtering of Ti/Al (4.5 nm/200 nm). An essential part of getting samples
with measurable supercurrents at base temperature is the heating of the
sample during the deposition of aluminum. During the deposition of
aluminum, the sample is heated to 100°C.

Electrical measurements

Low-temperature transport measurements are carried out in dilution
refrigerators with electron temperatures of <50 mK. DC electrical leads are
heavily filtered to remove high-frequency noise above 10kHz. Lock-in
measurements are carried out using an 1nA excitation at 13Hz.
Radiofrequency radiation up to 7 GHz is supplied to one of the electrical
leads via a synthesizer through a bias-tee located on the chip carrier.

DATA AVAILABILITY

The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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