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Abstract

We report on structural and electronic prop-

erties of superconducting nano-hybrids made
of Pb grown in the ultrahigh vacuum on the
atomically clean surface of single crystals of
topological BisTes. In-situ Scanning Tunnel-
ing Microscopy and Spectroscopy demonstrated
that the resulting network is composed of Pb-
nanoislands dispersed on the surface and linked
together by an amorphous atomic layer of Pb,
which wets BisTes. As a result, the super-
conducting state of the system is characterized
by a thickness-dependent superconducting gap
of Pb-islands and by a very unusual position-
independent proximity gap between them. Fur-
thermore, the data analysis and DFT calcu-



lations demonstrate that the Pb-wetting layer
leads to significant modifications of both topo-
logical and trivial electronic states of BiyTes,
which are responsible for the observed long-
range proximity effect.

Studies of structural and electronic phenom-
ena occurring at the interfaces of two contact-
ing materials are among the most appealing re-
search fields in physics and nanotechnology. By
putting two materials together, one can induce
at their interface novel electronic properties ab-
sent in one or both materials. Famous examples
are the formation of a two-dimensional elec-
tron gas at the interface between two semicon-
ductors,! superconductivity appearing at the
interface between two insulators, LaAlO3 and
SrTiOs,? or angle-tuned electronic properties of
bi-layer graphene,® to cite a few.*!! Another
possibility is the extension of the desired prop-
erties into a given material from a ”source”
material by proximity. In this way, the su-
perconductivity can be induced in normal met-
als'219 or even in semiconductors,?° 23 but also
a magnetism?* or an enhanced spin-orbit cou-
phng.25728

In this respect, the interface between su-
perconductors (S) and a topological insulator
(TT) is expected to induce by proximity pecu-
liar properties such as unconventional super-
conductivity.?%?® Topologically protected sur-
face states?” 37 are not only attractive from the
fundamental point of view, such as the realiza-
tion of Majorana modes,?* % but also for spin-
tronics applications, in the view of their robust-
ness and the forbidden backscattering. 443 The
couple Pb/BiyTes is a good candidate for such
a study. BiyTes is a three-dimensional (3D)
TT showing high electron mobility of topolog-
ical (surface) states and a relatively low con-
tribution of trivial (bulk) electronic states to
the total electron transport .2® Single crystals
of BiyTes are available, and the atomically clean
surface of the material can be prepared in a vac-
uum by mechanical cleavage. On the other side,
Pb is a good candidate to complete the inter-
face since it is a well-known conventional s-wave
superconductor with accessible critical temper-
ature T&"*=7.2 K. Pb remains superconduct-
ing in very thin films down to a few atomic
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Figure 1: Structure of studied Pb/BisTes hy-
brids. STM data acquired at 1.3 K: (a) —
30 x 30nm? STM image of UHV cleaved BiyTes
surface obtained before Pb islands deposition;
(b) — Averaged STS dI/dV (V) spectra of atom-
ically clean BiyTeg surface obtained (red dashed
line is linear extrapolation for Dirac point (DP)
and vertical black lines determine the value of
BVB and BCB energies); (c) — 300 x 300nm?
STM image of Pb islands on the surface of
Biy;Tes after 15 minute of Pb deposition. The
Insert depict 100 x 100 nm? wetting layer (after
2.5 min of lead deposition). (d) — 140 x 140nm?
STM image of Pb islands - zoom from white
dashed square (c); (e) — profile along dashed line
cross-section depicted on figure (d) (top panel,
blue line) and typical wetting layer roughness
on the same scale (bottom panel, red line) taken
after 2.5 min of lead deposition (c(insert))
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layers,
nanostructures, reaching the Anderson limi
Transport measurements of Pb/BiyTes hybrid
structures revealed the existence of a strong su-
perconducting proximity effect in both ¢ and
a, b- crystallographic directions of Bi;Tes.? Re-
cent sensitive experiments showed that the su-
perconductivity induced in TT surface layer can
be ballistic?® or even unconventional®® and con-
sistent with the order parameter having p, +1p,
component.

In this work, we report on local proper-
ties of Pb/BiyTes hybrids composed of few-
nanometer thick superconducting nano-islands
of Pb dispersed on the atomically clean surface
of BiyTes; the latter is wet by an atomically thin
amorphous layer of Pb (WL). The local insight
is brought by Scanning Tunneling Microscopy
and Spectroscopy (STM/STS), providing pre-
cious information about local superconduct-
ing properties and their spatial evolution, as
compared to previously reported global trans-
port properties. 22> We found that expectedly,
the superconducting gap of Pb-nano-islands de-
pends on their thickness.** In contrast, the
proximity induced gap in the amorphous-Pb-
wetting layer on top of BiyTez is robust and
almost independent of the distance to the is-
lands. This is not typical for the diffusive prox-
imity regime; it is also at variance with most of
previous reports on Pb-coupled systems such as
Pb/HOPG,*® Pb/InAs,* Pb/amorphous-Ph*6
Pb/Sb(111)" and Pb/graphene?? in which a
rapid decay of superconducting correlations in-
side the proximity regions was observed. More-
over, in our case, the characteristic energy
scale of the proximity induced gap, Aj/7™” "
0.55 meVa 0.5Ap, (ARF(3K)=1.23 meV,
(Thk=6.2 K)),* witnesses a powerful proxim-
ity effect between the superconducting islands,
well consistent with the results of macroscopic
measurements?’ and does not correspond to
the previously presented results in Ref.*> where
native superconducting gap A% =0.23 meV
(crystalline WL T.=1.8 K) was observed.

By considering the numerically simulated de-
tailed electronic structure of the studied sys-
tem, we point out that the precise mechanism of
superconducting proximity is much more subtle

than a direct "spreading” of superconducting
correlations to the topologically protected sur-
face state of TI. Even one monolayer of Pb dra-
matically (MLp,=0.286 nm) modifies the elec-
tronic structure of BiyTes, leading to a down-
ward band bending®! and, possibly, forming the
2D accumulation layer of the bulk electrons.
The detailed picture depends on the number
of atomic layers of Pb present on the surface of
BigTeg.

Figure 1 provides a summary of the struc-
tural properties of studied samples. The topo-
graphic STM image in Fig. 1(a) obtained after
in-vacuum BiyTes cleavage reveals the atomi-
cally clean surface on which typical structural
defects®* > are observed. A typical dI(V)/dV
spectrum measured at the BisTes surface in a
large energy window around the Fermi level is
presented in Fig.1(b); the position of the Dirac
point (DP), the top of the valence band (BVB)
and the bottom of the conduction band (BCB)
are indicated. Fig. 1(c) presents the STM image
of the sample 15 minutes after the deposition of
Pb. The Pb-islands form a non-connecting net-
work. Fig. 1(d) is a zoom in on the studied area
(in Fig. 1(c) it is indicated by a white square).
The islands have a flat top and different heights
1-4 nm (3-13 atomic layers of Pb). The typical
lateral size of Pb-islands is 30-40 nm.

Dark areas between the islands are amor-
phous Pb-wetting regions of BisTes. We expect
that the Pb layer under the Pb island is recrys-
tallized thus forming atomically flat lower in-
terface as it was already shown for Pb/Si(111)
where an amorphous wetting layer exits be-
tween crystallized islands.” Fig. 1(e)(top
panel, blue line) is the profile taken along
the white dashed line presented in Fig. 1(d)
and (bottom panel, red line) a cross-section
taken somewhere on the surface shown in
Fig. 1(c(insert)), which correspond to 2.5 min
of Pb deposition when we observe just WL.
The coloured background reflects the thickness
of the amorphous WL (brawn) and the height of
individual single-crystal islands (yellow), where
0 corresponds to the atomically smooth surface
of the TL

Figure 2 deals with the spatial distribution
of electronic properties of objects under study.
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Figure 2: STS data acquired at 1.3 K. (a) — zero bias conductance map of the same areal as
Fig.1(d); (b) — dI/dV(V) spectrum spatial evolution between Pb island (A) and Pb-wetting layer
(B) deposited on atomically flat surface of BisTes; (c) — average spectrum of Pb islands (A, C) and
on top of the Pb-wetting layer (B); (d) — 3D schematic depiction of the proximity effect distribution

at Pb/BiyTes/Pb-wetting layer interface.

Fig. 2(a) shows zero bias conductivity of dif-
ferent regions, provided Pb islands are already
formed on the surface after 15 minutes of de-
position (Fig. 1(d)). In this case, a pronounced
superconducting gap is open both in the islands
(A,C) and in the wetting layer (B). Fig. 2(b)
shows experimentally measured spatial evolu-
tion of dI/dV spectrum along the normal direc-
tion to the edge of the island (A) and wetting
layer (B) (Fig. 2(a)). It is seen that the super-
conducting gap in WL drops on the short length
scale of the order of a nanometer and then stays
essentially constant through the whole WL area
between islands. This behaviour is similar to
the one reported in Ref.%® for Si substrate, but
the length scale for the spatial evolution of the
gap in the present case is much shorter. In our
system gap drops by the factor close to two,
while in Ref.?® it drops by the factor of nearly

four. Typical spectra on Pb island and WL are
shown in Fig. 2(c). It should be noted that
a typical gapless spectrum of an amorphous
WL of lead far from the island was studied in
Ref.%® The amorphous-WL/Si system has the
Coulomb blockade effect, similar to what we ob-
serve in our TI based system; it indicates the
presence of tunnelling junctions between disor-
dered conductors.®® The whole scenario is illus-
trated by Fig 2(d), which shows schematically
two islands A and C separated by WL and typ-
ical dI/dV spectra in islands and WL between
them. From the comparison of superconduct-
ing gaps in amorphous WL in the absence of
Pb islands and their presence, it is clear that
these islands greatly enhance superconducting
correlations in WL due to the proximity effect
in a substrate.

Figure 3 shows a dependence of the supercon-
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Figure 3: STM/STS maps acquired at 1.3 K:
(a) — 800x800 nm? STM image of Pb islands
on the surface of BisTes after 15 minute RT de-
position of Pb; (b) — zero-bias conductance map
of the rectangular area marked by the dashed
line on (a); (c) — normalized dI/dV spectrum
dependencies as a function of Pb islands thick-
ness (ML), where the black line corresponds to
proximised wetting layer. In addition, the in-
sert depicts the behaviour of the Pb supercon-
ducting gap (A) as the inverse thickness of Pb
islands varies.

ducting gap on Pb island thickness. Fig. 3(a)
demonstrates the STM topography map and
corresponds to many islands. Fig. 3(b) is the
ZBC map of a rectangular area marked by the
dashed line in Fig. 3(a). Fig. 3(c) shows spectra
for islands of several thicknesses, while the inset
demonstrates the decrease of a superconduct-
ing gap as island thickness decreases explicitly.
The results are in a qualitative agreement with
previous works #4758

Pb islands inducing superconducting correla-
tions in the wetting layer since the wetting layer
itself is a normal diffusive metal with a proxim-
ity gap fast decaying from the island edge, as it
was reported in experiments where insulating Si
substrates have been used.**%6 In contrast, we
observe a non-vanishing proximity gap in the
wetting layer and attribute it to the proximity

Energy

distance to the surface

Figure 4: Schematic picture of the band bend-
ing near the surface of BisTes.

effect induced by underneath surface states of
BiQTeg.

It is known that there are two different con-
ductivity channels associated with the surface
of a topological insulator BisTes (see, e.g.,
Ref.??). The channel of the first type is due
to topologically protected gapless Dirac states.
In contrast, the second type of channel is due
to a more conventional two-dimensional elec-
tron gas of accumulation layer. The latter is
quite common for BiyTes.?? It can be induced
by bulk band bending near the surface or by na-
tive defects and dangling bonds present on the
surface.?® In practice, it is not easy to distin-
guish between the two conductivity channels.
In our system, the topological insulator is cov-
ered by the additional layer of Pb, and these two
materials have different work functions, which
are nearly 4.1 eV for Pb%6! and 5.3 eV for
BiyTes.%2 Thus, the work function for BiyTes
is larger, and this is expected to result in the
downward band bending at the BiyTes surface.
This phenomenon is schematically illustrated in
Fig. 4. Fermi energy Ep is between valence
band maximum (VBM) and conduction band
minimum (CBM) far from the surface, but both
of them are shifted downwards at the surface,
so that EFr can reside above CBM. The addi-
tional downward band bending at the surface
thus supports the formation of the electron gas
of the accumulation layer. A similar band band-
ing effect was described at% where Pb/InAs in-
terface was studied.

These arguments are in full agreement with
the results of DFT calculations, which are pre-
sented in Fig. 5. As shown in Fig. 5, the
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Figure 5: (a,b,c,d) Surface electronic structure of clean BisTes and with 1, 2 and 3 Pb monolayer
films, respectively. Red and blue colours denote the states localized in the BiyTes outer most
quintuple layer and the Pb films, respectively. Grey background shows a projection of BiyTes bulk

bands onto (0001) surface

deposition of Pb monolayer film leads to the
downward shift of the BiyTes bulk continuum
compared to pure BisTes. Along with this,
the Dirac point is displaced to the higher en-
ergy within the bulk bandgap, and such a dis-
placement is more sizable in the case of two
monolayers of Pb. According to our calcula-
tions, the work function for BisTes amounts
to 5 eV what is in good agreement with other
theoretical results.® Deposition of Pb mono-
layer films on the (0001) surface of BiyTe; leads
to a significant decrease in the work function.
Moreover, we found an oscillation of the work
function values depending on the Pb film thick-
ness: in one monolayer Pb the work function is
equal to 3.3 eV, two monolayers Pb - 4.04 eV
and three monolayers Pb - 3.65 eV. Note that
these oscillations are typical for freestanding Pb
monolayer films.% In any case, as expected, the
work function of Pb/BiyTes is lower than for
pure BisTes (Fig.5(a)). The surface electronic
structure strongly depends on the number of
Pb monolayers. The precise mechanism of the
superconducting proximity effect might depend
on the fine structure of atoms arrangement at
the interface. Moreover, the modification of
electronic structure underneath the amorphous
wetting layer must also be different from under-
neath the islands.

Thus, we expect that Pb islands placed on
topological insulator BisTes induce supercon-

ducting correlations due to the proximity effect.
The correlations can be associated with two
conductivity channels, either by Dirac electrons
or by the electrons of the accumulation layer
formed due to the band bending. The two types
of electronic surface states have approximately
the same Fermi velocities,® which for BiyTes
are estimated as vp ~ 5 - 10° m/s.2%4! The ex-
pression, which allows us to estimate supercon-
ducting coherence length in both the Dirac and
conventional two-dimensional electron gases, is

B h’UF

é'_A_TIJ

where Ar; ~ 1 meV is the proximity induced
superconducting gap in the topological insula-
tor. We assumed that the contact between Pb
and the topological insulator is highly trans-
parent 296768 that justifies our estimate for &,
as follows from the solution of Bogoliubov-de
Gennes equations,® so that gaps in Pb and at
the surface are of the same order. Actually, this
is exactly what we see in STM experiments —
the superconducting gap at the wetting layer is
approximately twice lower than in Pb islands.
Since superconducting correlations at the wet-
ting layer are induced from the underlying topo-
logical insulator surface, we may conclude that
the gap under the wetting layer is not smaller.
Thus, the coherence length at the topological



insulator surface is estimated to be as long as
¢ ~ 1 um. Moreover, this length due to conduc-
tivity within the Dirac channel must be larger
than the length due to the two-dimensional
electron gas, since vg for Dirac states is of the
same order but still larger. Of course, this is
an oversimplified picture. At the same time,
the actual situation might be more subtle and,
in particular, dependent on the details of the
arrangement of Pb atoms at the interface. Our
simple estimates follow that £, within any of the
two channels, exceeds by one or two orders in
magnitude typical distance between Pb islands.
These proximity induced superconducting cor-
relations cover the whole space between islands
and, as a result, support the superconductivity
in the wetting layer of Pb.

The additional evidence of the suggested
mechanism comes from the comparison with the
results of Refs., 7™ where similar Pb islands
grown on Si substrate have been studied by
STM. These studies revealed specific features in
dI/dV spectra on top of the islands attributed
to quantum-well states and the formation of
two-dimensional bands. However, such features
was not observed in our case, can bee linked to
the islands’ connection to the conducting sub-
strate.

In summary, we demonstrated a self-
organized Pb/BiyTes structure and investigated
the local conductance spatial distribution at the
interface between superconducting Pb and bulk
topological insulator. Pb forms islands grown
on atomically clean surfaces of BiyTez as well as
an amorphous wetting layer between individual
islands. An anomalously strong superconduct-
ing proximity effect between BiyTes and wetting
layer is revealed, attributed to superconducting
correlations induced in topological insulator by
Pb islands. We argued that there might be at
least two conductivity channels associated with
the surface of BiyTes, either due to Dirac elec-
trons or the accumulation layer’s normal elec-
trons, formed by the downward band bending
at the surface. DFT calculations indeed have
shown that the presence of Pb monolayers at
the surface of BiyTes leads to the modification
of surface electronic structure, which strongly
depends on the number of layers. Thus, our

results suggest that a detailed arrangement of
Pb atoms at the surface of BisTes must be con-
sidered to describe induced superconductivity
in this topological insulator adequately.

Methods. The experiments were performed
in ultra-high vacuum (UHV, base pressure
<2x1071% mbar). Five nominal monolayers
(ML) of Pb were deposited at room temper-
ature at the deposition rate 1 A/min onto in
vacuum cleaved surface of BiyTes single crys-
tals. STM/STS measurements were performed
at 1.3 K in the same UHV environment. Lo-
cal tunneling conductance dI(V,x,y)/dV spec-
tra were obtained by the numerical derivative
of the raw I(V,z,y) data.

Electronic structure calculations were carried
out within the density functional theory using
the projector augmented-wave method ™™ as
implemented in the VASP.™ To describe the
exchange-correlation energy, we used the gener-
alized gradient approximation (GGA) with the
PBE functional.”” In addition, the Hamiltonian
contained scalar relativistic corrections, and the
spin-orbit coupling was taken into account by
the second variation method.™ The film calcu-
lations presented in this work were performed
using symmetric setups, so the upper and lower
surfaces are identical. The work function val-
ues for the Pb films of 1,2 and 3 ML’s on top
of BisTes were calculated as the difference be-
tween energies of the vacuum and Fermi levels
of the corresponding slabs. In the case of clean
BiyTes, the value of the work function was esti-
mated as the difference between energies of the
vacuum level and valence band maximum of the
slab.™
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