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ting topological crystalline insulators are expected to form a new type of topological
ors to host Majorana zero modes under the protection of lattice symmetries. The bulk
Vity of topological crystalline insulators has been induced through chemical doping and
ProXimistcct. However, only conventional full gaps are observed, so the existence of topological
su§conductivity in topological crystalline insulators is still controversial. Here, we report the
brication of atomically flat lateral and vertical Sn;,Pb,Te-Pb heterostructures by

am epitaxy. The superconductivity of the Sn, Pb,Te-Pb heterostructures can be directly

su

investigatedyby scanning tunneling spectroscopy. Unconventional peak-dip-hump gap features and

fourfold symmetric quasiparticle interference patterns taken at the zero energy support the presence of
theffop@logical superconductivity in superconducting Sn;,Pb,Te. Strong superconducting proximity
e easy preparation of various constructions between Sn;Pb,Te and Pb make the

fi
het res to be a promising candidate for topological superconducting devices to detect and
manipulateflajorana zero modes in the future.

A topg;ical superconductor (TSC) is characterized by having a pairing gap in the bulk and
gapless Amund states at its boundary, which is topologically distinct from a conventional
superconductor {5C)."*? TSCs contain Majorana zero modes (MZMs) which obey non-Abelian
statistics,” exhibiting great potential applications in fault-tolerant topological quantum
compu r the realization of topological insulators (TIs),"*% the search for TSCs in real
materials rgs already been a very hot topic in condensed matter physics. Natural TSCs are rarely

found, but ogical superconductivity can be induced in TIs through chemical doping and
[11,12] Sr,[13'14]

supercond oximity effect. Bulk superconductivity of doped TIs such as Cu,

Np!>16] dosi EIZEe3 have been discovered. The superconducting doped Tl is considered as TSc, 1718

but scannirg tunngling microscopy and spectroscopy (STM/STS) experiments show conventional full

BCS-like s-ns without any in-gap states."™®? Further calculation suggests that the U-shaped

STS spectr Bi,Se; is related to the cylindrical shape of the Fermi surface.”**? For proximity

4@

induceo bnductivity in Tls, it has been theoretically proposed that combining a conventional s-
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wave SC with a Tl results in a topological p,+ip, superconductivity that hosts MZMs in vortices.® The
TI/SC heterostructure has been successfully prepared by the epitaxial growth of TI films on
supercond!ct' NbSe,.>?" The experimental evidences of MZMs in vortices are found in the

Bi,Tes/NbS ucture.!?>2°!

H I
Topol@gical crystalline insulators (TCls) are topologically nontrivial states of matter that the

[

gapless surffice states are protected by crystalline symmetry instead of time-reversal symmetry.?”%®

The first class of TCIs has been recently predicted® and verified®®>? in the SnTe-type IV-VI

O

semicondu h a rock-salt crystal structure. Superconducting TCls are expected to form a new

type of TSCs that Multiple MZMs bound to a single vortex may be supported under the protection of

Ul

lattice sym ies:*>** The bulk superconductivity of TCls has been induced through chemical

L

[35]

doping imity effect.?**”! However, STM experiments still display the conventional full

gaps in thelsu ducting TCI,®® so the existence of topological superconductivity in TCIs remains

d

contro

In we fabricated atomically flat lateral and vertical Sn,,Pb,Te-Pb heterostructures by

M

molecular beam epitaxy (MBE). The superconductivity of the Sn,,Pb,Te-Pb heterostructures can be

[

directly in by in situ low temperature STM/STS. The superconducting proximity effect in

the hetero s is unexpectedly strong even at 4.2 K. The features of the tunneling spectra

taken on su ucting Sn,,Pb,Te show a peak-dip-hump character rather than the peak-shoulder

n

charact conventional SCs such as Pb, which is in agreement with the existence of

{

topologica®odd-parity pairing.[21'39] The unconventional feature in Sn,,Pb,Te is still clearly visible

U

above 6.5 K. siparticle interference (QPl) patterns taken at the zero energy in the

supercond ap of Sny,Pb,Te show a fourfold symmetry, indicating the presence of gapless in-

A

gap states. the superconducting transition temperature (T.) of Pb is close to that of NbSe,,

This article is protected by copyright. All rights reserved.
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the decay of the proximity-induced superconducting gap in Sn,..,Pb,Te/Pb is much slower than that in
Bi,Tes/NbSe,. The superconducting TCl is predicted to be a new class of TSC supporting MZMs

protected tice symmetries.?>**! Our results suggest that the Sn,,Pb,Te-Pb heterostructures

pt

have grea pplication in topological superconducting devices to detect and manipulate

MZMs in-t uture.

£

The S images of the lateral and vertical Sn,,Pb,Te-Pb heterostructures are shown in Figure 1.

SG

Pb islands were_firstly prepared on graphene/SiC substrates at room temperature. SnTe was then
deposited Pb islands. The Pb islands can keep flat-topped even when the annealing

temperature is raiSed to 200 °C. When the substrate temperature is higher than 90 °C, it’s strange

U

that SnTe i ow not on top of but beside the Pb islands (Figure 1a). The (001) surface of pure

n

SnTe displ density of Sn vacancies (Figure Sla, Supporting Information).”” However, the

atomically ffes STM image taken on a SnTe island shows a (001) surface of Sn,,Pb,Te (Figure

d

1b), whi that some Pb atoms diffuse into the SnTe island grown beside a Pb island. Figure

1c is the atomj cture on top of a Pb island. The clean Pb (111) surface is preserved in despite of
the lateral growth of a SnTe island. When the substrate temperature is lower than 90 °C, most of the
Pb islands Se covered by SnTe (Figure 1d). The SnTe-covered Pb islands have monoatomic steps (~

0.32 nm) (F ) and a square lattice on top (Figure S1b, Supporting Information). The substrate

0O

temperatur ndent growth mode of SnTe on Pb is due to the kinetic mechanism." When the

substrate perature is higher than 90 °C, the mobility of SnTe on Pb is large, so that the adatoms

i

escape p of the Pb island. The growth mode is step-flow growth. When the substrate

{

temperature is [oWer than 90 °C, the mobility of SnTe on Pb is reduced, then SnTe nucleate and grow

U

on top of the Pb jskand. Since the surface energy of SnTe (001) (9.7 meV/A%)“? is smaller than that of

Pb (111 eV/A?)," the growth mode becomes 2D growth.

A

This article is protected by copyright. All rights reserved.
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Compared with pure SnTe (001)/graphene, there are a lot of bright spots on SnTe (001)/Pb

(Figures S1a,b, Supporting Information), which indicates that some Pb atoms will also diffuse into

t

P

SnTe growhn on Pb islands below 90 °C. For Pb-Sn-Te ternary system, there doesn’t exists PbTe but
Sn;Pb,Te under Pb-rich environment.*” To determine the concentration of Pb, Sn,.

«Pb,Te fimewere prepared on graphene/SiC by the co-deposition of Pb and SnTe for comparison

£

(Figures Sic,gd, porting Information). The density of bright spots increases with the increase of
the Pb/Sn atio, which indicates the bright spots should be Pb atoms. In addition, first-

principles alc@ilati@ns show that Sn 5p states are dominant for conduction bands of SnTe, whereas

SC

Te 5p stat minant for valence bands.* Then, the atomically resolved STM images of Sn,.

U

«Pb,Te at sample biases should correspond to the Sn sublattice.*” Alloying with Pb can

) [46]
’

cause n doRing by lowering the conduction band minimum (CBM which give rise to an increase in

a

the densit s (DOS) near the bottom of the conduction band, so Pb is brighter than Sn at

d

positive sampl ases when a Pb atom occupies a Sn site. The concentration of Pb can be

determine nting the bright spots in an atomically resolved STM image. Figure 1b and Figure

WY

Sib in ing Information exhibit 18.5% and 2.7% Pb respectively, which are much smaller

than the critical value (75% Pb) for topological-to-trivial phase transition.?**”! Tuning the substrate

1

temperature, both lateral and vertical Sn,,Pb,Te-Pb heterostructures can be prepared (Figures 1e,f).

In additio @ 1xPbTe islands are not covered by Pb islands or clusters, so the intrinsic

supercond f Sn,Pb,Te can be directly detected by STM/STS.

N

Fig s a lateral heterostructure consisting of a 16.3 nm (57 ML) thick Pb island and a

{

9.7 nm (3 ick Sn,,Pb,Te island. Both islands have large-scale atomically flat terraces. The

U

boundary betwegggthe Pb island and the Sn,,Pb,Te island is very straight. A series of d//dV spectra

(Figure measured using a Pb-coated superconducting tip at 4.2 K along the black dashed

A
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(48491 and was

line shown in Figure 2a. The superconducting tip can enhance the spectra resolution
prepared in situ by indenting a W tip into a Pb island. All the d//dV spectra show two sharp
coherencete s, indicating the Sny,Pb,Te island shown in Figure 2a are superconducting. The

energies o rp coherence peaks in the d//dV spectra correspond to *(App, +Asnixebxre). £pp

and iASn-l_X%he energies of the two sharp coherence peaks in the DOS of superconducting Pb

[

and Sn,,Pb,Le rgspectively, which can be extracted from the di//dV spectra taken on Pb and Sn,.
Pb,Te isla spatial evolution of As,1ppyre @s a function of distance is shown in Figure 2c. Agp,.

«PbxTe takeWnHPbee island decreases from 0.88 meV at the position Al of ~10 nm away

from the I::edge to 0.54 meV at the position A2 of ~130 nm away from the Pb island edge.

The solid in Figure 2c is an exponential fit by y = A*exp(-x/L)+C, with a decay length L as
large as 36! nm. For the Pb/Si (111) system, at 4.2K, the superconducting gap taken at 30 nm away

from the m edge is hard to be distinguished.®® Even at 1.8 K, the decay length of the
indu

proximity i superconducting gap is only ~75 nm.”” Therefore, the decay length in the Sn..

XPbee-IEterostructure is much longer than that in the Pb/Si (111) system.
Figure 2d shows a vertical Sn,,Pb,Te-Pb heterostructure with a ~15 nm (~48 ML) thick Sn,.
Pb,Te islas grown on Pb. There are a lot of monoatomic steps (~0.32 nm) on top of the Sn,,Pb,Te

island. A sQﬂ/dV spectra taken along the black dashed line shown in Figure 2d are plotted
h

into Figure e d//dV spectra show two very sharp peaks. The spatial evolution of Asp.ppyre @S

a function!f the distance is shown in Figure 2f. As,i,puxre has little change between 1.00 meV and
1.18 meM 76-90 % of Ap, (1.31 meV). For the lateral heterostructure shown in Figure 2a,

Asnixpbxe Al tEe 5tance of ~15nm away from the Pb island edge is 50-60 % of Ap, (1.34 meV). If
there exists Pb u rneath the Sn,,Pb,Te region of the lateral heterostructure, the thickness of Sn,.
Pb,Te i 2a should be smaller than 10 nm. Then, the As,ippyre in the region from 30 nm to

This article is protected by copyright. All rights reserved.
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120 nm shown in Figure 2c should be larger than 1.18 meV. In fact, Asyi,ppxre in the region from 30
nm to 120 nm shown in Figure 2c is only 0.51-0.72 meV. Therefore, the measurement of Asni.ippxre iN
the vertMtructure shown in Figure 2f indicates that there doesn’t exist Pb underneath the
Sn;Pb,Te he lateral heterostructure, which supports the schematic diagram of the
lateral !nlﬁb heterostructure shown in Figure le. Comparison of the spatial evolutions

shown in Fﬁj indicates that As,1.ebre iN the vertical heterostructure decays obviously slower

than that ateral heterostructure. For the vertical Bi,Tes;/NbSe, heterostructure,” the
supercondwp taken on the 11 nm thick Bi,Te; film is only ~20 % of that taken on the NbSe,

substrate herefore, the results shown in Figure 2 exhibit that the proximity effects in the

Sn,Pb,Te- ostructures are unexpectedly strong even at higher temperature 4.2 K.

CompC( the gap features of Pb and Sn.,Pb,Te reveals that Sn,.Pb,Te possesses
unconventmerconductivity. Figure 3a shows another lateral Sn,,Pb,Te heterostructure. The

n on the Pb island with a Pb-coated superconducting tip is shown in Figure 3b.

d//dV s
Outside the t
electron-phonon coupling.® The di/dV spectrum is simulated with the S-I-S tunneling model

rp coherence peaks at +2.69 mV, there are two broad shoulders due to strong

(SuppIemeSary Note, Supporting Information). The corresponding sample DOS of Pb is shown in
Figure 3c. Fj is the d//dV spectrum taken on the Sn,,Pb,Te island. The small peaks around the
zero bias vo own in Figures 3b,d are induced by the tunneling of thermal excited states.”*® It’s
strange thag there are two dips at £2.54 meV outside the two large coherence peaks at £1.95 meV. If
the saWSnl_bexTe is BCS-like, the simulated curve in Figure 3d fits the d//dV spectrum

well between tEeyo sharp coherence peaks, but it fails to represent the dip feature. We note the
features of the V spectrum taken on Sny,Pb,Te are very similar to those of magnetic molecules
adsorb surfaces,[48'53] so the dI/dV spectrum is simulated with a modified sample DOS

This article is protected by copyright. All rights reserved.

7



WILEY-VCH

(Figure 3e and Supplementary Note, Supporting Information). The simulations reproduce the peak

and dip features very well. The corresponding sample DOS of Sn,.,Pb,Te in Figure 3f are obviously

different f!: :: BCS-like DOS of Pb in Figure 3c.
For m cules adsorbed on SC surfaces, the dip features of the d//dV spectra taken on

e
H I
the magn molecules correspond to the bulk superconducting gap of the SC substrates."®*3 The

peaks betwfeen two dips are in-gap YSR states within the bulk superconducting gap. Moreover,

theoretical calculations demonstrate that when the superconducting Tls and TCls possess topological

supercondWeiVitydtheir DOS also have dip features,”*’

the energy positions of which are close to
the bulk supercons.mting gap. Our temperature dependent experiments show that the peak and dip

features oﬁTe are still clearly visible above 6.5 K (Figure S2, Supporting Information), so the

T. of Sny, uld be above 6.5 K in the Sn,.,Pb,Te-Pb heterostructures, which is even higher
than the m@xi T. of In doped Sny,Pb,Te (T. = 4.7 K).®* However, not the energy (4, = 0.72 meV)
of the nce peaks but that (45, = 1.20 meV) of the hump feature in Figure 3e is larger

than the bulk conducting gap (0.90 meV) of In doped PbgsSnosTe.*® Therefore, the dips in the
d//dV spectra taken on Sny.,Pb,Te should correspond to the bulk superconducting gap edges, and the

coherence(eaks between the two dips should be in-gap states.

The di @ » can be observed in both lateral and vertical Sn,.Pb,Te-Pb heterostructures. For
the lateral ructure, the dip feature appears at the distance larger than ~15 nm (Figure S3,
Supporti tion). When the position is very close to the Pb island edge, the dip feature will
be covered by the coherence peaks. For the vertical heterostructure, since the thickness of Sn,.

Pb,Te is ~15 nmShe dip feature is weak, but the dI/dV spectra have similar features with those

taken on t al heterostructure at the distance of ~15 nm to the Pb island edge (Figure S4,
Supporting tion).

This article is protected by copyright. All rights reserved.
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The dip feature cannot be resolved by normal tips at 4.2 K. Both Pb and Sn,,Pb,Te just exhibit a
superconducting gap with two very broad peaks (Figure S5, Supporting Information). For a normal
tip, the Hlution in STS experiments is limited by the Fermi-Dirac distribution. The thermal
broadenin is estimated to be 1.2 meV at 4.2 K.®® For a superconducting tip, the energy
resolutioh rlmled by the BCS-like DOS of the superconducting tip. The energy resolution can be
less than 0.3 meV at 4.2 K."® The resolution can be further improved with the reduction of the
electronic uhe instrument. In our case, the instrumental broadening is 0.19-0.48 meV at 4.2
K, which isw by fitting the d//dV spectra taken on Pb (Figure S6, Supporting Information). The

smaller in | broadening, the sharper the peak and dip features will be. Because of the

higher en olution, it’s very necessary to use the superconducting tip to find out the

unconvent!nal superconductivity of Sn,_,Pb,Te.
In ormwal the in-gap structure, the Fourier-transform (FT) STS measurements were

b,Te (001). Figure 4a is a typical d//dV spectrum taken on the Sn,,Pb,Te region

of a lateral he ructure. The spatial evolution of d//dV spectra taken along a line shows that the
minimum of the dI/dV spectrum taken near the Pb island edge is at ~0.2 eV below E;, whereas the
minimum ! the distance larger than 50 nm away from the Pb island edge is at ~0.1 eV below E;
(Figure S7, ing Information). The sharp coherence peaks are still clearly visible at the distance
of ~120 nm om the Pb island edge (Figure S8, Supporting Information). d//dV maps at bias
voltages fr@m 0.5 V to -0.5 V (Figure S9, Supporting Information) were taken on a 50x50 nm” area

(markedMen square shown in Figure S7, Supporting Information). For a better signal-to-

noise ratio, tEe rs QP! patterns obtained by FT-d//dV maps are four-fold symmetrized by rotation
and reflection averaging along high symmetry directions (Figure 4b and Figure S10, Supporting
Inform<e 4c is the corresponding schematic Fermi surface of Sn,,Pb,Te (001) in the

This article is protected by copyright. All rights reserved.
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surface Brillouin zone (SBZ). There are three main features in the symmetrized QPI patterns: the
Bragg points and the patterns induced by inter-pocket (gi) and intra-pocket (g,) scattering
wavevecto.H the bias voltage changes from 0.5 V to -0.5 V, the shape of the pattern around q,
undergoes from quasi-circular to dot-like to quasi-circular again, which is consistent with
the evoﬂtm!nol patterns induced by the topological surface states of Pb,5n,Se.”**” The dot-

like pattern aro g, appears at the bias voltage of -0.1 V, indicating that the energy position (Ep) of

C

Dirac point be located around 0.1 eV below E;. The minimum of the dI/dV spectrum taken

on Sn.Pbgle ADOT) thus corresponds to Ep, which is consistent with other QPlI measurements of

SnTe-type 57

US

Previo experiments show that the Dirac points of Sn,,Pb,Te (001) are close to but still

1

above E; n the concentration of Pb reaches 60-70%.5%*”! Transport experiments exhibit

hole concaltr3 from 10" to 10 cm? in Sn.Pb,Te films.®® It’s difficult to obtain n-type SnTe

d

with P pl59-61] b!62]

evertheless, earlier studies in Sn;,Pb,Te-P and Sn,Pb,Te-Insulator-P

junctions exhijbi wnward band bending of p-type Sn.,Pb,Te due to the work function of Pb
smaller than the electron affinity of Sn,,Pb,Te. Our STM/STS measurements show that for the lateral
Snl_beXTe-s heterostructure grown at 150 °C, the concentration of Pb at the distance smaller than
50 nm awa he Pb island edge is below 25%, whereas it decreases to no more than 5% at the
distance la an 100 nm (Figure S11, Supporting Information). It’s unexpected that the
correspon&g minima of the d//dV spectra are [-0.20eV, -0.10eV] and [-0.08eV, -0.04eV]
respectiMre SnTe, Ep is 0.35 eV above E." It's impossible for Pb alloying but band bending
near interf@rce the Dirac points of Sn,Pb,Te to shift below E;. The measured bulk band gap

of Sny..Pb,Te withds-20% Pb at 4.2K is 0.20-0.25 eV.[%% gince Ep near the Pb island edge is ~0.2 eV

below s S7 and S11, Supporting Information), the CBM should be ~0.1 eV below E;. Then,

This article is protected by copyright. All rights reserved.
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the energy diagram of the semiconductor-metal contact with an inversion layer is applicable for the
lateral Snyi,Pb,Te-Pb heterostructure (Figure 4d). At the distance of ~100 nm away from the Pb
island eM.OS eV below E: (Figure S11, Supporting Information), the Fermi level should lie
within the Sn,..Pb,Te. Hence, the width of the region with the Dirac points close to E; is

estimated Ee several hundred nanometers. The downward band bending can tune Dirac points of

Sn,Pb,Te clgse to E¢, which is very crucial for observing superconductivity induced by topological
surface sta

rac points are far away from the Fermi level, such as Cu-doped Bi,Se; (Ep ~ -0.5
eV)®! andw SnTe (Ep > 0.5 eV),® the bulk states are dominant around E:. As a result, only

conventio onductivity is observed.

Figurﬁs the symmetrized QPI patterns taken at the same area in Figure 4 close to E; at

4.2 K. Sin -coated tip has a superconducting gap A.= 1.32 meV (Figure S8c, Supporting

InformatiomPl patterns measured at the bias voltages V,, = *A/e correspond to those

measur, ro energy within the superconducting gap of Sni,Pb,Te. The intensity of the

patterns aro 1 and g, taken at the zero energy is very strong (Figure S12, Supporting
Information). The pattern around g, taken at the zero energy is obviously anisotropic, whereas those
taken at ts larger bias voltages outside the superconducting gap of Sni,Pb,Te become more
isotropic. T, in the real space induced by the intra-pocket scattering g, at the zero energy
exhibit strip terns, which are not observed at the bias voltages |V,| = 20 mV (Figure 5b and
Figure Sl3,$upporting Information). The striped patterns are not caused by the modulation from the
atomic Mlectronic states (Figure S14, Supporting Information). For the conventional s-
wave SC Pﬂar QPI pattern is observed at the zero energy inside the superconducting gap

(Figure S15, Suppaiting Information). In addition, previous QPl measurements have also shown that

there i ar QPI pattern inside the fully opened superconducting gap such as iron-based

This article is protected by copyright. All rights reserved.
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SCs, 78 6-pdBi,* due to the absence of in-gap states. Theoretical calculations have been
presented that neither bulk states nor trivial surface states but topological surface states will induce
in-gap sMince the bulk superconductivity of Sn,Pb,Te is gapful,® the strong QPI pattern
measured @voltages V, = zA,/e within the superconducting gap on the Sn,,Pb,Te (001)
surface-shW!ueinduced by not bulk but topological surface states. To further confirm the
superconductingsgap of Sn,,Pb,Te is whether gapful or not, the QPlI measurements were taken at

the bias vo om A /e to (A+Aq)/e, corresponding to the energies from the zero energy to that

of the co%eak within the superconducting gap of Sn,.Pb,Te (Figure S16 , Supporting

Informatio: QPI images clearly display the patterns induced by g, and q,. Therefore, our QPI
m

measurem onstrate that the proximity-induced superconducting Sn,,Pb,Te is not a

conventior!l s-wave SC and possesses gapless surface states inside the superconducting gap.

In sunm

omically flat lateral and vertical Sn,Pb,Te-Pb heterostructures are fabricated on

(0001) by molecular beam epitaxy. The concentrations of Pb in the

e smaller than 25%, which are much smaller than the critical value (75% Pb) for
topological-to-trivial phase transition.®>*’). The superconductivity induced by proximity effect in Sn,.
«Pb,Teis qupectedIy robust even above 4.2 K. For the lateral heterostructure, the superconducting
coherenceQe still clearly visible measured at the distance larger than 120 nm from the Pb
island edge. cay length extracted from the spatial evolution of As,1.ppyre is larger than 200 nm.
For the &tical heterostructure, Asni.ppxre decays obviously slower than that in the lateral
heterosMicating the vertical proximity effect is even stronger than the lateral one. The

Sn,.Pb,Te- eterostructures belong to the S-N single-sided junction. For S-N-S double-sided

junction, the proximity effect will be further enhanced due to the junction geometry.[sol Our STS
measur@r:onstrate that the proximity-induced superconducting Sn,.Pb,Te is not a
This article is protected by copyright. All rights reserved.
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conventional s-wave SC. The superconducting gap of Sn,,Pb,Te shows a peak-dip-hump character,
which is related to the topological nontrivial electronic structures.”**% The unconventional feature
in Sny.,Pb, :! can be distinguished up to 6.5 K, which is even higher than the maximum T, (4.7 K) of In

|_The numeric simulations and the temperature dependent measurements

doped Sn
indicatet mump feature should correspond to the bulk superconducting gap and the
coherence pgaksgbetween the two dips should be in-gap states. QP measurements taken at the bias
voltages fr to (A+A,)/e within the superconducting gap of Sny,Pb,Te display an anisotropic
pattern w foirfold symmetry, suggesting the present of gapless in-gap states induced by

topologica states. These results support topological superconductivity in proximity-induced

USs

supercond 1xPb,Te.

N

Altho are intensive research on topological superconductivity in many systems such as

TI/NbSe,, 2% 2/T1,7971 Bj,Tes/FeTe’? and FeTe,,Se,, "> the topological surface states in

d

these protected by time-reversal symmetry. In our work, Sn,,Pb,Te is a TCl, the

topological s states of which are protected by crystalline symmetry instead of time-reversal

M

symmetry. Superconducting TCls are expected to form a new type of TSCs.***"! In Pb-Bi,Te;-Pb

double-sid@ll junction, a Josephson supercurrent can flow through the Bi,Te; flake between two

¢

supercond electrodes with a separation distance over several microns below 0.12 K.7”

Q

Recently, a us Josephson effects induced by the topological surface states have been reported

in Al-Pbgs8hosTe-Al junction.[37’78] Therefore, the Sn,,Pb,Te-Pb heterostructures have potential

q

applicati i -scale TSC devices and provide a promising platform to detect and manipulate

{

MZMs in a new artificial TSC in the future.

U

A
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Experimental Section

Sample growth: The experiments were performed in a commercial ultrahigh vacuum low

{

temperatur system (Unisoku) combined with MBE for film growth. Epitaxial graphene

produced ecomposition of 6H-SiC (0001)7%%% is chosen as the substrate for the growth

||
of Sn,..,Pb,Be-Pb heterostructures. High purity Pb (99.9999%) and SnTe (99.999%) were evaporated

from stand dsen cells. Pb islands were firstly prepared on graphene/SiC substrates at room

G

temperaturée® was then deposited on the Pb islands at elevated temperature. Substrate

temperatugesMighér than 90 °C will lead to the formation of lateral Sn,,Pb,Te-Pb heterostructures.

S

Substrate ures lower than 90 °C will lead to the formation of vertical Sni,Pb,Te-Pb

U

heterostructures.

1

STM/STS ent: All prepared samples were transferred to a cooling stage kept at 4.2 K by

liquid helidim. ochemically etched polycrystalline tungsten tips were used for in situ STM/STS

d

measur| increase the energy resolution, the superconducting Pb-coated tip was obtained

by embedd;j W tip into the Pb island. d//dV spectra and d//dV maps were acquired using a

)Y

standard lock-in technique with a small a. c. modulation at 991 Hz. Before STS measurements, the

supercondUgting tip was checked with the di/dV spectra taken on Pb islands.

OF

Supportinginformation
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T growtn > 90 °C T yowtn < 90 °C

Figure 1. MB th of lateral and vertical Sn,.,Pb,Te-Pb heterostructures. a) STM topography of a
lateral heterostructure. b,c) Atomically resolved STM images of Sn,,Pb,Te (001) (b) (V;
= 1.0V, It = 0.15 nA) and Pb (111) (c) (Vs = -0.041 V, I, = 0.23 nA) taken on other lateral
heterostrugtures. d) STM topography of a vertical Sn,.,Pb,Te-Pb heterostructure. e,f) Schematic
diagrams ral (e) and vertical (f) Sn,Pb,Te-Pb heterostructures.
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Figure 2. Proximity effects on lateral and vertical Sn,.,Pb,Te-Pb heterostructures. a) STM topography

of a lateralfSn e-Pb heterostructure. The thicknesses of the Sn;.Pb,Te island and the Pb island
are 9.7 nm{a31! and 16.3 nm (57 ML) respectively. b) Series of d//dV spectra measured at 4.2 K
along t ed line in (a). c) Spatial evolution of As,1..euxre @s a function of distance. The solid

blue line'i
from the P

onential fit with a decay length L = 362 nm. Al is at the distance of ~10 nm away
edge marked by green arrows. d) STM topography of a vertical Sn,.,Pb,Te-Pb
e thicknesses of the Sny.,Pb,Te island is ~ 15 nm (~ 48 ML). e) Series of dl/dV
spectra measured at 4.2 K along the black dashed line in (d). f) Spatial evolution of As,1ppyre @S a
function ofgdistance. The setpoints for the d//dV measurement are V, = 10 mV, /; = 0.1 nA.
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Figure tional proximity-induced superconductivity of Sn,,Pb,Te. a) STM topography of a
lateral Snix -Pb heterostructure. The Pb island is 5.5 nm higher than the Sn,.,Pb,Te island. b)
d//dV spec d curve) taken on the Pb island at the position shown in (a). The black curve is the
simulat rresponding sample DOS of Pb. The parameters are A, =A;=1.33 meV, [ =T =

0.025 meV, w = 0.19 meV. d) d//dV spectrum (red curve) taken on the Sni,Pb,Te island at the

position sbswn in (a). The black curve is the simulated one with a BCS-like sample DOS. The
1.35 meV, A, = 0.58 meV, I = [, = 0.025 meV, w = 0.15 meV. e) The same d//dV

spectrum (@ ) shown in (d). The black curve is the simulated one with a modified sample DOS.
The param A =1.33 meV, [ =0.025 meV, A;; =0.72 meV, [;; =0.34 meV, A, =1.20 meV, [,
= 0.30 meV, W= 0.19 meV. f) Corresponding sample DOS of Sn,..Pb,Te. The setpoints for the d//dV

measurem are V;=10mV, /;=0.1 nA.
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Figure ns taken on Sn,.Pb,Te (001). a) Typical d//dV spectrum taken on the Sn,,Pb,Te
region o ral Sn,,Pb,Te-Pb heterostructure. b) Symmetrized FT of d//dV maps taken over a
50x50 nm? arious sample bias voltages (/, = 0.1 nA). c) Schematic Fermi surface of Sn,,Pb,Te
(001) in Energy diagram for the lateral Sny,Pb,Te-Pb heterostructure.
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5

Figure 5. Comparison of QPI patterns inside and outside the superconducting gap of Sn,,Pb,Te. (a)
Symmetriz ofld//dV maps around E;. (b) QP! in real space (50x50 nm?) induced by intra-pocket
scattering
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Superconducting topological crystalline insulators are expected to form a new type of topological
sup@rconduBtors protected by lattice symmetries. Unconventional peak-dip-hump gap features and
ouFfold symmetric quasiparticle interference patterns taken at the zero energy support the presence of
the #6pological superconductivity in Sn;Pb,Te-Pb heterostructures. Moreover, the superconducting
pr $ ect is found to be unexpectedly strong even at 4.2 K.
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