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We report on the fabrication of Josephson junctions using the topological crystalline insulator
Pbo.5Sng.5Te as the weak link. The properties of these junctions are characterized and compared

to those fabricated with weak links of PbTe, a similar material yet topologically trivial.

Most

striking is the difference in the AC Josephson effect: junctions made with Pbg.5Sng.5Te exhibit rich
subharmonic structure consistent with a skewed current-phase relation. This structure is absent in
junctions fabricated from PbTe. A discussion is given on the origin of this effect as an indication of
novel behavior arising from the topologically nontrivial surface state.

Topological superconductors offer a new platform in
which to study nontrivial ground states of matter. Since
the early theoretical work of Read and Green [1], and Ki-
taev [2], there has been a rapid expansion in the number
of topological systems that possess superconducting cor-
relations. Key in the investigation of topological super-
conductors is the tantalizing prospect of the creation and
manipulation of Majorana fermions — particles possess-
ing non-abelian statistics that may prove useful in quan-
tum computation. Experimental work has focused on
topological superconductors created from proximitized
one-dimensional nanowires with strong spin-orbit inter-
actions [3] and time-reversal invariant topological insu-
lators with either intrinsic [4] or proximity-induced su-
perconducting correlations [5-8]. Yet the list of possible
topological superconductors does not end there and it is
important to characterize these materials and elucidate
the (potentially useful) differences therein.

Topological crystalline insulators (TCIs) produce topo-
logical states arising from the preservation of crystal
symmetry [9]. One of the first theoretically predicted
TCIs was SnTe, and a band structure with 4 Dirac
cones per unit cell was calculated (see the upper right
inset of Fig. 1 for a diagram of the band structure)
[10]. Soon after, experiments were able to demonstrate
the topological nature of the surface state in SnTe and
its cousin, Pb;_,Sn,Te, via angle-resolved photoelec-
tron spectroscopy [11, 12] and scanning tunneling spec-
troscopy [13]. Important in these early experiments was
the investigation of the topological phase transition in
Pb;_,Sn,Se and Pb;_,Sn,Te as a function of x: a topo-
logical phase is observed for for values of x > 0.25 in
Pb;_,Sn,Se [14] and for 2 > 0.4 in Pby_,Sn,Te [11].
More recently, theoretical investigations of the role of
crystal symmetry in topological superconductors have
begun. In particular, it was found that pairs of Majorana
bound states can form and it was shown that a new class
of topological superconductor in TCIs is possible [15, 16].
Experiments have shown superconductivity in In-doped
SnTe, and odd-parity pairing indicative of a topological
superconducting state has been observed [17]. Supercon-

ductivity has been induced by the proximity effect, and
SQUID circuits from topological crystalline superconduc-
tors have been fabricated with conventional SQUID be-
havior measured [18] — a reminder that transport from
the trivial bulk may mask any novel behavior of the sur-
face state.

Here we report on the fabrication of Josephson junc-
tions using both Pb;_,Sn,Te (topologically nontrivial)
and PbTe (topological trivial) as a weak link material
between the two aluminum leads. Characterization of
these junctions is carried out, including measurements of
(near) DC I —V curves, the Ic Ry product and its tem-
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FIG. 1: Temperature dependence of the differential resistance

R, where superconducting features appear below T'=500 mK. The
peaks in R occur at values Ipc = I¢. (Inset, upper left) Scan-
ning electron micrograph of a device similar to the ones studied
in this Letter showing two superconducting (SC) aluminum leads
(dark grey) and the TCI material Pbi_,Sn,Te (green). Scale bar
shown in white is 1um. The spacing between the two SC leads is
100nm. (Inset, upper right) Schematic of the band structure of
Pb1_,Sn,Te where 4 Dirac cones appear across the X point in
k-space [10].



perature dependence, magnetic diffraction pattern, and
the AC Josephson effect. The most striking deviation be-
tween the topologically-trivial and nontrivial junctions
occurs under microwave radiation: in addition to the
Shapiro steps observed at DC voltage values of nhf/2e,
TCI Josephson junctions also exhibit steps at fractional
values, indicating a strongly nonsinusoidal current-phase
relation (CPR). The existence of higher harmonics in the
CPR is confirmed through numerical simulations of the
AC Josephson effect using a resistively-shunted junction
model. The subharmonic structure reported here is dis-
tinct for weak-link materials with low mobility and we
discuss the origin of this phenomena in terms of topolog-
ical one-dimensional states measured in this material.

(111) Pby_,Sn,Te epitaxial films were grown by
molecular beam epitaxy (MBE) on semi-insulating GaAs
substrates. The (111) orientation was selected for two
reasons: it offers rich topological states on the surface
that are symmetric with respect to the (110) mirror
planes, and it enables strain relaxation from dislocation
glide along inclined (100) planes. The growth conditions
were such that the surface adopts a simple (1 x 1) re-
construction throughout growth as demonstrated by the
RHEED pattern taken along the [110] azimuth [19]. The
obtained compositions were either pure PbTe or nomi-
nally Pbg 5Sng.5Te so as to facilitate discrimination be-
tween trivial insulator effects and TCI effects that emerge
beyond the band inversion that is well known to occur
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FIG. 2: (a) Plot of R(B, Ipc) revealing a Fraunhofer-like pattern
consistent with a (nearly) uniform supercurrent across the width of
the device. (b) One-dimensional cuts in the data from (a) at B=0,
5.00mT (black) and 2.75, 7.25mT (green), where the latter two
show the variation in R between at the first and second minimum
in Ic.

somewhere in the range of 0.2 < z < 0.4 [11]. In con-
trast to conventional MBE method that employs (PbTe,
SnTe) compound sources [23, 24], the composition of the
materials of the present work was instead controlled us-
ing individual elemental sources (e.g., Pb, Sn and Te2)
having >99.9999% purity, and the surfaces were remark-
ably specular [19]. Basic electrical characterization of
the material was performed where it was found that
Pbg.5Sng.5Te was heavily p-doped (2.28x10*° cm~3) and
PbTe heavily n-doped (-8.27x10'° em~2) and each with
a relatively low mobility of 113 and 160 cm?V~!s~! re-
spectively. In depth information on the characterization
of the material can be found in Ref. [19, 25].

Josephson junctions with a width of 1 um and length
between 50 and 120nm are patterned using electron-
beam lithography. The deposition of the contacts form-
ing the junction begins with an in-situ argon plasma etch
for 60 secs at 50 W followed by sputtering of Ti/Al (3 nm/
70nm). During the deposition of the aluminum, the sub-
strate is heated to 100°C, and it was found that the Ic Rx
product of the junctions could be tuned from zero for
room temperature deposition of the contacts to the value
observed below [19]. Pbg 5Sng 5 Te and PbTe are removed
through a reactive ion etch of Ar/H2 (20:2) everywhere
except underneath the Al, in between the Al (the Joseph-
son junction), and in a 2um region on the left and right
side of the Al. An SEM image of a completed device is
shown in the inset of Fig. 1. Devices are then cooled to
temperatures down to 50mK and differential resistance
R = dV/dI is measured in a current-bias configuration
(Ipias between 1-10nA) with a lock-in amplifier. A total
of 14 junctions showing superconducting properties were
measured, two of which were investigated with the de-
tail demonstrated in this Letter, each producing similar
results [19]. Spectroscopy of the device is obtained by ap-
plying a DC current source (Ipc), and plots of R vs. Ipc
at different temperatures 7" are shown in Fig. 1. Peaks
in R(Ipc) determine the critical current of the junction.
The Ic Ry product (Ry is the normal state resistance of
the junction) rises from zero at T=500mK to ~ 10uV at
base temperature (Fig. 1).

Application of a perpendicular magnetic field B allows
for a variation of the superconducting phase difference
along the width of the junction. A plot of R as a func-
tion of Ipc and perpendicular magnetic field is shown
in Fig. 2(a). In conventional junctions with a sinusoidal
CPR and a uniform magnitude of the supercurrent across
the device, a Fraunhofer pattern in the magnetic-field de-
pendence of R is expected [26]. Importantly, Fraunhofer
patterns or those resembling Fraunhofer patterns are ex-
perimentally useful for eliminating the possibility that
the measured supercurrent in Fig. 1 arises from an elec-
trical short between the superconducting leads, i.e. that
the supercurrent is (at least approximately) uniform over
the width of the device. Fig. 2(a) has a pattern that is
reminiscent of a Fraunhofer pattern with two important
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FIG. 3: A comparison of Pbg 5Sng 5Te and PbTe at f=3 GHz and
applied RF power of -6.75dBm. (a) Plot of R showing minima
at both expected values for Shapiro steps and at half integer val-
ues. Numerical integrated I — V' data (red) shows Shapiro steps
at nhf/2e=nx6.2uV and additional features at fractional values of
/2 and %2. (b) By comparison, a PnTe device showing only integer
values of the Shapiro steps, both in R (black) and I —V (red).

deviations: the width of the central lobe is not twice
the width of the other two, and while I¢ — 0 at the
second minimum (B=7.25mT), it remains finite at the
first minimum (B=2.75mT). Cuts at B=2.75,5.00, and
7.25mT are compared with the B = 0 plot in Fig. 2(b).
This deviation of the magnetic-field dependence from a
Fraunhofer pattern is consistent with other 3D topologi-
cal insulators [5, 6], and has been used in the past to im-
ply nonsinusoidal current-phase relations [27]. However,
a simple modification to allow for the critical current den-
sity to smoothly vary along the width of the device can
also produce a similar modification of the Fraunhofer pat-
tern. Hence, extraction of the current-phase relationship
from measurements of this type can be tricky. Also visi-
ble in this plot is a small amount (~10%) of hysteresis as
a function of Ipc. Since the Stewart-McCumber param-
eter is small in junctions of this geometry [28], we ascribe
this hysteresis to self heating of the electrons [29].

For a sinusoidal current-phase relation, a microwave
voltage at frequency f applied to the junction produces
steps in the I — V curves at voltages nhf/2e [30]. These

steps will appear as minima in the differential resistances
R. Fig. 3(a) (black curve) shows R vs Ip¢ for an applied
microwave frequency of 3 GHz. Well-defined minima of
R are observed at values of nhf/2e. I —V curves are
generated from a numeric integration of the differential
resistance (See Supp Info to view measured DC I — V
data, which also shows fractional steps). The steps in
I —V associated with these minima in R are clearly seen
in the generated I —V data [Fig 3(a) red], corresponding
to steps of hf/2e=6.2uV and in agreement with expec-
tations. Besides these pronounced minima there is ad-
ditional structure. Structure between the conventional
minima is associated with higher harmonics of the CPR
and enables the presence of fractional values of the AC
Josephson effect. The integrated I — V shows a subhar-
monic feature at hf/4e and 3hf/2e, demonstrating that
a modification of the conventional sin(¢) CPR is observed
in these junctions.

To investigate whether these half plateau steps arise
from any topological properties of the weak link material
junctions were fabricated from the topologically-trivial
material PbTe. R under 3 GHz radiation is presented in
Fig. 3(b) (black curve), showing a conventional Shapiro
step behavior with no structure in between plateaus.
Also shown is the I —V curve (red) showing only plateaus
at multiples of 6.21V, indicating that a current-phase re-
lation arises primarily from a single frequency. Measure-
ments of this junction at higher powers and frequencies
show similar behavior: as a function of each, only integer
Shapiro steps are observed [19].

Further information on the CPR is revealed by a plot of
the power dependence of the subharmonic structure. Fig.
4(a) is a plot of R for an applied RF power P between
-27.25 and -9dBm, taken at f=2.2 GHz. Fundamental
frequency Shapiro steps are seen (labeled by number in
white) and follow a Bessel function power dependence,
as expected [30]. In addition, subharmonic structure is
observed in between the primary plateaus (along the ver-
tical indicated by the white arrows), with different struc-
ture between different Shapiro steps. For example, at
certain values of P a single dip is observed between steps
0 and 1, where two dips are seen between steps 3 an 4.
This structure follows a more complicated pattern: as a
function of power and Ipc one and sometimes two min-
ima are seen. A one-dimensional cut of R [Fig. 4(b)]
taken at P=-15dBm (grey line) demonstrates the intri-
cate behavior observed in R. If only the fundamental
and a second harmonic existed [Is  sin(p)+sin(2*¢)],
only a strong, single dip in R would be present between
conventional Shapiro steps [19]. This is not the case.

Discussion. As the AC Josephson effect data suggests,
multiple harmonics are present in the CPR. Deviations
from a sinusoidal CPR in low-capacitance weak link junc-
tions are expected when the weak link has channels of
high electron transmission [31]; recently this has been
seen in one-dimensional nanowires with strong spin-orbit
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FIG. 4: (a) Power dependence of the AC Josephson effect taken at f=2.2 GHz and applied power range -27.25 to -9 dBm. In addition to
the main Shapiro steps observed (black regions indicated by white numbers), structure in between the primary steps is measured (along
the vertical indicated by white arrows). (b) A cut of R taken along the grey line in Fig. 4(a). (c) Simulation of the RSJ model using
a CPR for KO-2 theory for a ballistic Josephson junction, simulated over a similar range of parameters as the experimental data [Fig.

4(a))].

The saw-tooth behavior of the CPR is necessary to contain the higher harmonics in the CPS needed to mimic the experimental

data. (Inset) A plot of the CPR for the KO-2 theory (solid line) is compared to a pure sine wave (dashed line). (d) A cut of the simulated
differential resistance 0 R qualitatively reproduces that observed in the experiment.

coupling [32], graphene [33], and the three-dimensional
topological insulator HgTe [34]. Common to these three
are the high values of the electronic mobility, with each
experimental report citing highly-transmitting electronic
channels as a source of the skewed CPR. This feature
serves in stark contrast to the measured Hall mobility in
the devices under study in this paper; for example, our
reported mobility is ~250 times less than the reported
mobility of the 3D TI HgTe [34].

To confirm that a current-phase relation possessing
higher harmonics can mimic the data of Fig. 4(a), we
perform a numerical integration of the resistively shunted
junction (RSJ) model [30] (see Ref. [19] for details of
the simulations). Theoretical predictions for the CPR as
a function of transparency of the weak link have been
made, where higher weak link transparency results in a
more skewed CPR [19, 29, 31]. Fig. 4(c) is a simulation of
the RSJ model using a current-phase relation with unity
transparency:

Is(p) = A sin(g@/2)tanhM.

1
6RN QkBT ( )

This CPR is shown in the inset of Fig. 4(c), plotted using
an estimated value for A of kg*500mK — the tempera-
ture which the IcRyn product deviates from zero. While
not all the features are captured by the simulation, a side-
by-side comparison of the one-dimensional cuts of the ex-
perimental data and the simulation [Fig. 4(d), from cut
taken along the grey line of Fig. 4(c)] shows a qualitative
agreement, reproducing the essential features of the sub-
harmonic structure. The most important distinguishing
features of this CPR are the appearance of peaks centered
between successive integer Shapiro steps and the unequal

values of consecutive dips seen in the one-dimensional cut
of the simulation [Fig. 4(d)]. These features are only
observed in simulations with a strongly-skewed current-
phase relation resulting from the existence of higher har-
monics in Is(y) [19]. However, a comprehensive search
through various current-phase relations (like a CPR for
diffusive systems) [19] cannot account for all the exper-
imental data. A feature that conventional CPRs fail to
capture is fine structure in the power dependence of the
subharmonic structure [see for example the region high-
lighted by the red box in Fig. 4(a)]. Whereas our data
shows subharmonic lines crossing, simulations with con-
ventional CPRs always have these lines running locally
parallel.

Recent experimental work investigating the surface
of the TCI (Pb,Sn)Se has revealed one-dimensional,
topological spin-filtered channels existing on step edges
that break translational symmetry (called odd step
edges) [35]. These 1D states only exist when the ma-
terial is doped in the topological regime and theoretical
arguments given in the manuscript indicate that this is a
phenomena general to T'CIs, not just the material under
study. In fact, these 1D modes have been been observed
in another TCI material, Bi2Tel [36], and in a weak topo-
logical insulator Bi;4Rh3lg [37] — of which T'CIs are a sub-
class — indicating that these modes are a general property
in these types of materials. The existence of these states
would account for the skewed CPR and the measured dif-
ferences between Pb;_,Sn,Te and PbTe. The number of
odd step edges in our samples can be estimated from the
crystallographic offset of the GaAs wafer used to grow the
Pb;_,Sn,Te, resulting in ~5 per 100 nm. This number
represents the minimum number, since steps edges can
also be produced during growth. Each 1D mode is ex-



pected to contribute ¢2o/h=10nA [38], so at least 500 nA
of the critical current could come from these modes. If
only 500nA comes from the 1D modes, the rest will likely
come from the bulk electrons, which will have a more con-
ventional CPR. To check whether the subharmonic fea-
tures survive this additional bulk supercurrent, we sim-
ulated a combination of a conventional sinusoidal CPR
and the CPR from Eq. (1) in Ref. [19] and the subhar-
monic features survive. Alternatively, the high electron
transmission channel in the superconducting current of
our PbSnTe junctions could be attributed to conduction
in the two-dimensional (2D) topological surface states
which is expected to have a much higher mobility than
the measured bulk Hall mobility. The expected Thouless
energy for these 2D surface states is greater than kgT.
This alternate explanation for the skewed CPR is some-
what similar to the analysis of similarly skewed CPR data
from other work [34].
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