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Experimental search for the origin of low-energy modes in topological materials
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Point-contact spectroscopy of several nonsuperconducting topological materials reveals a low-temperature
phase transition that is characterized by a Bardeen-Cooper-Schrieffer type of criticality. We find such a behavior
of differential conductance for topological surfaces of nonmagnetic and magnetic Pb1−y−xSnyMnxTe. We
examine a possible contribution from superconducting nanoparticles, and show to what extent our data are
consistent with Brzezicki’s et al. theory (arXiv:1812.02168), assigning the observations to a collective state
adjacent to atomic steps at topological surfaces.
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Introduction. A series of point-contact experiments has
revealed the existence of low-energy modes at the junctions
of metal tips with topological semiconductors and semimetals
[1–9]. Surprisingly, despite the absence of global supercon-
ductivity in these systems, the features in dI/dV decay criti-
cally with temperature and the magnetic field, in accord with
the Bardeen-Cooper-Schrieffer (BCS) theory. It has there-
fore been concluded that the superconductivity results from
tip-induced strain. In the case of Cd3As2 this interpretation
appears to be supported by the featureless spectrum in the case
of a soft point contact produced by silver paint [3,6]. Surpris-
ingly, however, Andreev reflection-type spectra were recently
reported for Au/Cd3As2 junctions (with neither a four-probe
zero-resistance state nor the Meissner effect) [8], as well as for
topological semimetals MoTe2 [7] and WC [9] with hard and
soft point contacts [7] of various nonmagnetic and magnetic
metals [9]. A timely question then arises about the properties
of other materials, such as topological crystalline insulators
(TCIs) [10–14] in which hard point-contact characteristics
reveal zero-bias conductance peaks (ZBCPs) [1].

Here, we show, employing a soft point-contact method,
that a conductance gap with a broad ZBCP or Andreev-type
characteristics develops at junctions of Ag with topological
surfaces of diamagnetic, paramagnetic, and ferromagnetic
Pb1−y−xSnyMnxTe, where y � 0.67 and 0 � x � 0.10, in
which no signs of superconductivity are found. Nevertheless,
the temperature dependence of the gap shows a BCS-like crit-
ical behavior as a function of temperature T and the magnetic
field H with Tc up to 4.5 K and μ0Hc up to 3 T, independent
of the orientation of the magnetic field with respect to the
surface plane. This implies the emergence of a collective
low-temperature phase whose appearance is insensitive not
only to the magnetic state of the metallic part of the junction,
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as found previously [1,9], but also to the magnetic character
of the topological material. In order to elucidate the nature of
these striking observations, we put forward two models.

First, previous studies of the materials in question revealed
superconductivity associated with metal nanoprecipitates [15]
or misfit dislocations at the heterostructure interfaces [16,17].
Furthermore, studies of Pb/(Pb,Sn)Te junctions point to the
presence of Sn diffusion in Pb [18], which raises the question
on whether such an effect could generate superconducting Pb
or Sn at the interface. It might be also anticipated that strain
associated with different thermal expansion coefficients of
silver paint and the samples or hard tips could generate misfit
dislocations or precipitates. However, a series of auxiliary
high-sensitivity magnetization and resistance measurements
as well as high-resolution structural investigations of our
samples have not revealed the presence of superconducting
nanoparticles within our experimental resolution.

Second, a possible origin of a local collective phase at
topological surfaces has recently been proposed by Brzezicki,
Wysokiński, and Hyart (BWH) [19], who noted that the elec-
tronic structure of one-dimensional (1D) states at atomic steps
in TCIs, revealed by scanning tunneling microscopy [20,21],
is significantly richer than anticipated previously [20–23].
According to BWH, these 1D states may show by a low-
temperature Peierls-like instability, leading to the appearance
of low-energy excitations associated with topological states
at the domains walls of the collective phase. We discuss to
what extent our data are consistent with the BWH model and
a possible microscopic nature of the collective phase.

Samples. We investigate here single crystals of rocksalt
Pb1−ySnyTe and Pb1−y−xSnyMnxTe obtained via the self-
selecting vapor growth method [12,24] and the Bridgman
technique [25], respectively. Results of electric, magnetic,
x-ray, and electron transmission microscopy characterizations
of the studied samples are presented in the Supplemental
Material [26]. We study samples with y = 0, 0.2, 0.67, 0.74,
0.8, and 1, which covers both the topologically trivial and
nontrivial ranges, as the TCI phase occurs for y � 0.30 [14].
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According to both angle-resolved photoemission [13,14,27]
and magnetotransport investigations [28], the surface topo-
logical cones coexist with bulk states even for high bulk
carrier densities specific to these systems. At the same time,
the energetic position of the surface-cone neutrality points
with respect to the Fermi level depends on the character
of the surface states and the degree of surface oxidation,
the questions under investigation now [29,30]. The search
for metal precipitates by x-ray diffraction and electron mi-
croscopy, also in the vicinity of dislocations, has not revealed
the presence of any nanoclustering within the state-of-the-art
resolution [26].

According to the results of magnetization measurements
[26], carried out by employing a superconducting quantum
interference device (SQUID), nonmagnetic compounds show
a field-independent diamagnetic susceptibility, enhanced by
strong interband polarization in the inverted band structure
case. The Mn-doped samples contain a Sn concentration
corresponding to the TCI phase and a bulk hole density high
enough to populate 12 � valleys. A large density of states
(DOS) associated with these valleys makes hole-mediated ex-
change coupling between Mn ions sufficiently strong to drive
the ferromagnetic ordering [25,31]. The Curie temperature
TCurie, separating the paramagnetic and ferromagnetic phase,
is 2.7 and 14 K for Mn concentrations x = 0.03 and 0.10,
and Sn contents y = 0.67 and 0.74, respectively [26]. These
values are consistent with the mean-field p-d Zener model
[26,32,33].

Point-contact spectroscopy. We employ the soft point-
contact method [34–36], in which a 15-μm Au wire is fixed
by silver paint. As shown in Fig. 1(a), dI/dV (V ) is feature-
less in the case of the topologically trivial materials PbTe
and Pb0.80Sn0.20Te. However, in the case of the diamagnetic
TCI Pb0.20Sn0.80Te we find at low temperatures T < Tc and
magnetic fields H < Hc maxima (ZBCP) centered at V = 0
and superimposed on a conductance gap (see also the data
in Ref. [26]). As observed in other systems [1–6,8,9], the
spectra forms vary from contact to contact [26]. In the thermal
regime they change over time in a jump way as well as can be
modified by current pulses across the point contact [26,34].

Within the point-contact theories [34], the enhanced junc-
tion conductance at T < Tc and at V ≈ 0, i.e., the presence of
ZBCP, can be interpreted in terms of the Andreev reflection
(pointing to superconductivity) or to an enlarged DOS due
to the appearance of, for instance, zero modes at T < Tc

[19]. In either of these scenarios current heating at higher
bias voltages may result in side minima [37]. Within the
superconductivity models, such a spectrum is typical for the
thermal regime, i.e., when the contact diameter is larger than
the inelastic diffusion length [34] [Fig. 1(c)]. In the oppo-
site limit, spectroscopic information is not blurred, and side
maxima in dI/dV , reflecting the DOS enlargement at the gap
edges, provide the value of the relevant gap. Within such an
approach the data in Fig. 1(b) (see also Ref. [26]) correspond
to the spectroscopic regime. An interesting question arises
on whether such a phenomenology can be directly applied to
other gapped collective states, such as the one proposed by
BWH [19].

According to Fig. 2, dI/dV shows clear spectro-
scopic features in magnetic crystals. The spectrum for

FIG. 1. (a) Differential conductance dI/dV at 50 mK normalized
to its value at the normal state for the as-grown (001) Pb1−ySnyTe
with y = 0, 0.20, 0.80, and 1. The spectrum is featureless for y = 0
(PbTe) and y = 0.20 but shows zero-energy mode characteristics for
Sn content (y = 0.80 and 1, i.e., SnTe) corresponding to a topological
crystalline insulator phase. Evolution of the spectrum with tempera-
ture (b) and the magnetic field (c) for y = 0.80 and two locations
of the point contact on the sample surface, respectively. A magnetic
field is applied perpendicularly to the (001) plane. (d) Resistance
of this sample measured by a four-contact method with a current
density as low as 2.5 × 10−3 A/cm2. No global superconductivity
is detected.

Pb0.3Sn0.67Mn0.03Te [Fig. 2(a)] exhibits a gap with a small
zero-bias peak vanishing smoothly with increasing tempera-
ture. For a cleaved (100) surface of Pb0.16Sn0.74Mn0.10Te, a
splitting of ZBCP, resembling Andreev reflection character-
istics in the spectroscopic regime and for a nonzero barrier
transparency [34], has been detected [Fig. 2(c)].

Importantly, temperature and magnetic field ranges in
which these spectroscopic features appear are rather en-
hanced compared to nonmagnetic crystals. This is best
seen in Fig. 3 that depicts the contact resistance and a
half of the energy distance between conductance maxima
�(T, H ) for all studied samples with a high Sn content.
Furthermore, according to Fig. 3, �(T ) is quite well de-
scribed by an interpolation formula of the BCS expres-
sion, �(T ) = CkBTc[1 − (T/Tc)3.3]0.5, where C in our case
is more than twofold greater than the BCS value C =
1.76. Similarly, a reasonable account of �(H ) data is
obtained by using another interpolation formula suitable
for type-II superconductors, �(T, H ) = �(T, H = 0)(1 −
H/Hc)1/2. This description of �(T, H ) holds for the dia-
magnetic Pb0.2Sn0.80Te, ferromagnetic Pb0.16Sn0.74Mn0.10Te,
and across the paramagnetic-ferromagnetic phase boundary,
the case of Pb0.20Sn0.67Mn0.03Te, in which Tc > TCurie. The
existence of a transition to another phase is also documented
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FIG. 2. Temperature dependence of differential conductance
spectra for the etched (011) Pb0.30Sn0.67Mn0.03Te (a) in a spec-
troscopic regime and (011) Pb0.16Sn0.74Mn0.10Te (b) in a thermal
regime, respectively. (c) Evolution of the spectrum with the mag-
netic field at 1.8 K for the cleaved (001) Pb0.16Sn0.74Mn0.10Te in a
spectroscopic regime. A magnetic field is applied perpendicularly to
the sample plane. (d) Resistance of Pb0.16Sn0.74Mn0.10Te measured
by a four-contact method with current density 2.5 × 10−5 A/cm2

(noisy trace), and the solid line represents a numerical average over
40 temperature scans. Critical scattering at the Curie temperature
TCurie = 14 K is observed but no global superconductivity is detected.

by a kink in the temperature dependence of the differential
resistance for V → 0 at Tc, as shown in Fig. 3(a).

The accumulated results demonstrate, therefore, the ap-
pearance in junctions of the normal metal with diamagnetic,
paramagnetic, and ferromagnetic IV-VI TCIs of another phase
below Tc and Hc, which is characterized by an energy gap and

excitations residing near its center. The presence of a phase
transition rules out the Kondo effect [38–41] and the Coulomb
gap [42,43] as the mechanisms accounting for the observed
features. Similarly, the absence of global superconductivity
without metal layers [Figs. 1(d) and 2(d) as well as data
in Ref. [26]] indicates that unconventional two-dimensional
(2D) superconductivity associated with surface topological
states [44] or dislocation arrays [45] in TCIs does not ap-
pear under our experimental conditions. The absence of 2D
superconductivity is also documented by similar values of
Hc for the magnetic field perpendicular and parallel to the
surface [26].

Role of superconducting precipitates. According to com-
prehensive structural and SQUID studies, magnetic nanopar-
ticles account for high TCurie ferromagnetism observed in
a number of semiconductors and oxides over the last two
decades [46]. Similarly to the ferromagnetic case, embed-
ded nanoparticles can show a variety of superconducting
characteristics, such as the Meissner effect, which may de-
pend on nanoparticle chemical composition, strain, and size
[15–17,47,48]. Here, the presence of superconducting pre-
cipitates that could give rise to local superconductivity is
ruled out, within an experimental accuracy of 0.1 ppm,
by high-sensitivity beyond state-of-the-art SQUID magne-
tometry [26,49]. Furthermore, no precipitates have been re-
vealed by state-of-the-art x-ray diffraction and transmission
microscopy measurements [26]. Similarly, no indications of
superconductivity have been found in topological samples
covered entirely by the silver paint or containing a deposited
silver film [26], pointing to the absence of both interfa-
cial superconductivity and superconducting inclusions at the
metal/semiconductor interface.

Role of surface atomic steps. Figure 4 presents the surface
morphology of our single crystals under ambient conditions,
determined by atomic force microscopy (AFM). As seen in
Figs. 4(a) and 4(b), (001) facets of as-grown Pb0.20Sn0.80Te
contain atomically flat 0.5-μm-wide terraces, terminated by
monoatomic steps. Similarly, Figs. 4(c) and 4(d) visualize
a (001) surface of cleaved Pb0.16Sn0.74Mn0.10Te showing a
larger roughness and multilayer steps. Results in Figs. 1(b)

FIG. 3. (a) Temperature dependence of the point-contact resistance at the limit of zero bias pointing to a phase transition. (b),
(c) Conductance gap � evaluated from the differential conductance spectra for samples presented in Figs. 1 and 2 for Pb1−y−xSnyMnxTe
corresponding to the topological crystalline insulator phase vs magnetic field perpendicular to the surface plane and temperature, respectively.
Solid lines in (b) are fits to �(T, H ) = �(T, H = 0)(1 − H/Hc )1/2. Solid lines in (c) are fits of the BCS formula for �(T ) to the experimental
points treating Tc and C as adjustable parameters (C = 4.35, 4.53, and 3.49 from top to bottom, respectively; C = 1.76 in the BCS theory).
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FIG. 4. AFM images of the studied single-crystal surfaces.
(a) Naturally grown (001) facet of Pb0.20Sn0.80Te showing surface
steps. (c) Cleaved (001) surface of Pb0.16Sn0.74Mn0.10Te showing
multilayer steps and a higher roughness. (b) and (d) depict step height
profiles. The obtained values of about 0.3 nm in (b) correspond to a
single atomic step (315 pm).

and 1(c), and 2(c) were actually taken for these two surfaces,
respectively. We claim that a collective low-temperature phase
of the carrier liquid occupying 1D topological step states
[19–23] may account for the differential conductance spectra
reported here. According to AFM micrographs, a single Ag
grain extends over a dozen steps. The magnitude of ZBCP,
about 50–500e2/h, is consistent with the fact that several
grains participate in the charge transport process.

The above interpretation requires the Fermi level of our
p-type samples to reside within the 1D states, whereas tight-
binding computations place the 1D band in the gap [19–23].
We note, however, that our experimental method implies the
formation of Schottky’s metal-semiconductor junction, which
leads usually to the Fermi level pinning in the band gap region
at the semiconductor surface [50]. This effect, together with
a considerable width of the 1D band, as predicted by the
BWH theory [19], make the partial occupation of the 1D states
plausible. The depletion in the bulk carrier density implies
also that Mn spins adjacent to the surface will be rather
coupled by antiferromagnetic superexchange [51] than by the
hole-mediated ferromagnetic interactions dominating in the
bulk [25,26].

However, since the Fermi liquid is unstable in the 1D
case, one expects the emergence of a collective state at
low temperatures driven by carrier correlation, presumably
enhanced by coupling to phonons and localized spins. For a
class of electronic instabilities, such as superconductivity and
charge/spin density waves, the BCS relation between the gap

2� and the critical temperature Tc remains valid within the
mean-field approximation. However, because of the dominat-
ing role played by thermal and quantum fluctuations of the
order parameter, the apparent magnitude of Tc becomes much
reduced in the 1D case [52,53]. This explains the enhanced
magnitude of C over the BCS value (Fig. 3) but indicates also
that 1D surface states may not support superconductivity with
Tc as high as 5 K.

As demonstrated by BWH [19], the 1D states adjacent to
the surface atomic step show a much more abundant spec-
trum than anticipated previously [20–23]. Within this insight,
the effects of magnetic instabilities have been considered
and the nature of low-energy excitations proposed [19]. In
analogy with the Su-Schreffer-Heeger model [54], the low-
energy modes are associated with domain walls between the
regions characterized by the opposite directions of the order
parameter for which, as proven, topological invariants differ.
These walls, and thus low-energy excitations, vanish in the
magnetic field with a rate determined by a competition of the
carrier-carrier exchange coupling with the Zeeman, spin-orbit,
and sp-d exchange interactions. Depending on the assumed
broadening, the evaluated conductance spectra show a single
ZBCP, or a more complex peak structure that reflects the
multimode excitation spectrum and may resemble Andreev
reflection [19].

Summary and outlook. Our results on soft point-contact
spectroscopy bring to light the existence of a low-temperature
phase in lead-tin and lead-tin-manganese tellurides with the
tin content corresponding to the topological phase, which
substantiates the universality of the phenomenon [1–6,8,9].
The findings could be explained by the presence of su-
perconducting nanoparticles, the surface topological states
playing only an ancillary role. However, no indications for
the formation of nanoparticles have so far been found.
At the same time, our experiments do not provide evidence
for the presence of superconductivity at the interface between
the metal and the TCI. Hence, this phase can be also linked to
carriers occupying 1D topological states adjacent to surface
atomic steps, which undergo a transition to a collective state
at sufficiently low temperatures and magnetic fields. Four
microprobe measurements of conductance along individual
steps in materials with the Fermi level within the step states
are expected to demonstrate whether this collective phase is
a 1D superconductor or a 1D gapped insulator with low-
energy excitations at the domain walls. Future work will
show to what extent the unusual properties associated with
the presence of 1D and 0D topological states offer interesting
functionalities.
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