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FeTe0.55Se0.45 van der Waals tunneling devices
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We report on fabrication of devices integrating FeTe0.55Se0.45 with other van der Waals materials, measuring
transport properties as well as tunneling spectra at variable magnetic fields and temperatures down to 35 mK.
Transport measurements are reliable and repeatable, revealing temperature and magnetic field dependence in
agreement with prior results, confirming that fabrication processing does not alter bulk properties. However,
cross-sectional scanning transmission microscopy reveals oxidation of the surface, which may explain a lower
yield of tunneling device fabrication. We nonetheless observe hard-gap planar tunneling into FeTe0.55Se0.45

through a MoS2 barrier. Notably, a minimal hard gap of 0.5 meV persists up to a magnetic field of 9 T in
the ab plane and 3 T out of plane. This may be the result of very small junction dimensions or a quantum-limit
minimal energy spacing between vortex bound states. We also observe defect-assisted tunneling, exhibiting
bias-symmetric resonant states, which may arise due to resonant Andreev processes.
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I. INTRODUCTION

Superconductors of the Fe(Te,Se) family are an important
research platform for unconventional superconductivity. They
have electron and hole Fermi pockets at the � and M points
which are roughly the same size, characterized by extremely
small Fermi energies EF . The Fermi energies are not much
larger than the superconducting gap �, resulting in a large
�/EF ratio. This has two important consequences: First, it
makes these superconductors sensitive to interaction effects
such as the BCS-BEC crossover [1,2]. Second, the �/EF

ratio determines the energy separation between Caroli–de
Gennes Matricon (CdGM) vortex-bound states [3], allow-
ing the observation of discrete CdGM states in scanning
tunneling microscopy (STM) measurements [4–8]. Among
these, some reports observe zero energy bound states inter-
preted as Majorana excitations [6,7,9], expected in view of
angle-resolved photoemission spectroscopy (ARPES) signa-
tures of a topological superconducting state on the surface of
FeTe0.55Se0.45 [10].

There are several open questions related to Fe(Te,Se) su-
perconductivity. The observed subgap spectra appear to vary
between different studies, as well as between vortices within
the same study. This variability is not yet fully understood,
and neither is it clear why some vortices within a given sample
host zero energy states, while others do not. Furthermore, the
symmetry of the superconducting order parameter is as yet
unsettled, with evidence in favor of S± symmetry [11]. The
unconventional S± symmetry in a topological superconductor
has been suggested to give rise to chiral one-dimensional

*These authors contributed equally to this work.
†Corresponding author: hadar@phys.huji.ac.il

“hinge” modes at the intersection between two faces of the
superconductor [12,13].

FeTe0.55Se0.45 can be integrated into devices, for example,
by machining thin films into bridges [14] or by exfoliation
of single crystals [13]. Refining exfoliation-based methods
is of particular interest, as flakes can be assembled into a
variety of sophisticated devices using the van der Waals
(vdW) technology [15–17]. When applied to proximitized
graphene and to layered superconductors, stacking of vdW
flakes has allowed the study of planar tunnel junctions [9,18–
21], Josephson devices [22,23], and graphene-superconductor
hybrids [24–26]. Furthermore, in thin flakes density can be
tuned by ionic gating [27,28].

Here we report the integration of exfoliated single-crystal
FeTe0.55Se0.45 flakes into transport and tunneling devices.
Transport devices exhibit superconducting properties which
agree with bulk materials. However, we find that exfoliated
flakes oxidize rapidly even when prepared within a glove
box. Despite oxidation and surface degradation, which lower
device yields, we are able to realize planar tunnel junctions
using a van der Waals barrier and demonstrate the ability to
achieve hard gap tunneling.

II. DEVICE FABRICATION AND SURFACE QUALITY

We use large single crystals of FeTe0.55Se0.45 grown using
the self-flux method. All devices were prepared by exfoliation
and transfer, as detailed in the Methods section, in an inert
N2 environment inside a glove box (less than 2 ppm oxygen
partial pressure). Data from three devices are presented, each
fabricated using a different technique: Device TR (transport)
is fabricated by exfoliation of FeTe0.55Se0.45 flakes on a SiO2

substrate, and subsequent evaporation of electrodes. In De-
vice TE (tunneling, top electrodes) FeTe0.55Se0.45 flakes are
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FIG. 1. Tunneling devices prepared (a) on prepatterned bottom electrodes and (b) with top electrodes using standard electron beam
lithography. (c) EDS line scan, showing the relative amount of Fe, Te, Se, and O in a cross section of the device, in arbitrary units. The
results are superimposed on a high-angle annular dark field (HAADF) image of the same cross section, showing layers of FeTe0.55Se0.45

separated by a gap from layers of the underlying MoS2.

prepared in the same way, with an MoS2 tunnel barrier
transferred on the top side. Device BE (tunneling, bottom
electrodes) was fabricated differently, by placing the tunnel
barrier followed by an FeTe0.55Se0.45 flake on top of prepat-
terned electrodes. Images of both types of tunnel devices are
shown in Figs. 1(a) and 1(b), respectively. The advantage of
the prepatterned electrode method is in avoiding lithographic
processing and heating of the FeTe0.55Se0.45 and tunnel bar-
rier, while the disadvantage is that the rough top surface of
the gold does not provide continuous contact to the material.
In contrast, the top-electrode fabrication method exposes the
FeTe0.55Se0.45 and barrier to polymers, solvents, and short
periods of heating but also creates a more even contact with
the electrode.

To better understand the behavior of the FeTe0.55Se0.45

at the tunnel barrier interface, we performed cross-sectional
scanning transmission electron microscopy (STEM) and
energy-dispersive spectroscopy (EDS) on a sacrificial device
with a configuration identical to Device BE (details in Meth-
ods section). A typical STEM measurement of FeTe0.55Se0.45

over a barrier is shown in Fig. 1(c), with an EDS line scan
superimposed. In this type of device, we found that the
interface between the FeTe0.55Se0.45 and the underlying MoS2

is uneven, touching only at discrete spots. Elsewhere, there is
a typical spacing of around 6 nm between the layers as seen
in the figure. EDS reveals variations in stoichiometry near

both surfaces, with a 5 nm layer of depleted Fe followed by a
2.5 nm layer of Fe3O4 iron oxide.1 EDS also shows that both
surfaces are coated with a layer, approximately 5 nm thick,
containing silicon, carbon, and oxygen (not plotted). These
are assumed to originate from organic residue of the PDMS
and glue used in the transfer process (see Methods section).

III. RESULTS

A. Transport

Transport measurements were carried out in a 3He cryostat
with a base temperature of 300 mK. Figure 2 shows two-
terminal transport data, measured on Device TR, of thickness
100 nm. Figure 2(a) shows critical current measurements
taken at different temperatures.2

1The high oxygen count within the FeTe0.55Se0.45 is not reliable,
since the oxygen Kα peak of 523 eV is within the detector resolution
from a strong tellurium Mξ1 peak at 464 eV, which can result in an
overlap between the peaks and false counts of oxygen which actually
originate in tellurium.

2Temperature was measured by two sensors located a small dis-
tance away from the sample, with a temperature gradient between
them and calibrated so that TC equals the known value for the
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FIG. 2. Transport data, measured on Device TR (100 nm thickness). (a) Differential resistance vs current and temperature. Critical current
decreases with temperature and disappears at around 14.5 K, in the vicinity of TC . (b) Resistance at 0.5 mV bias voltage vs T at different values
of B⊥. As shown in the inset, TC decreases with B⊥.

As expected, critical current is suppressed as T in-
creases towards TC , above which the resistance is constant.
Figure 2(b) shows the dependence of the critical temperature
on an applied magnetic field perpendicular to the ab plane
(B⊥), with 0.5 mV bias voltage across the sample. As ex-
pected, increasing the field lowers TC . Resistance is shown
relative to the minimum resistance measured at each value
of B⊥. The inset shows TC at each value of B⊥, with TC

defined as the point on the T axis where R is at half its
maximum. We observed similar transport behavior in several
devices with thicknesses ranging 90–200 nm. These results
on exfoliated flakes are consistent with transport behavior
observed previously in bulk and thin film FeTe0.55Se0.45

[29,30].

B. Zero field tunneling spectrum and temperature dependence

Tunneling measurements were carried out in a 3He-4He
dilution cryostat with a base temperature of 25 mK. Differ-
ential conductance dI/dV of Device BE (Fig. 3) exhibits,
at the lowest temperature, a hard superconducting gap with
RN/R0 ≈ 70. The subgap energy range is punctuated by in-
gap states at bias voltage V ≈ ±0.7 meV, which we attribute
to defects in the FeTe0.55Se0.45, as observed also in STM
measurements [6]. In addition, this junction exhibits two
noteworthy phenomena: First, we find that the temperature
dependence [Fig. 3(a)] shows that most of the details of the
spectrum are smeared out up to T = 1.4 K, including the
quasiparticle peaks, with the spectrum at 2 K showing simply
a “V” shape. This is somewhat contrasting with STM data,
which shows quasiparticle peaks persisting over 5 K [4,11].
Second, we find that the junction spectrum exhibits a bimodal
behavior, with the reading shifting between two different
forms upon repeated measurement. Figure 3(b) shows several
spectra, taken consecutively at the same temperature and zero
magnetic field. Evidently, all of the measurements trace one of

material, 14.5 K. Electrode resistance was subtracted from the total
measured resistance.

two modes of the spectrum. In one mode, the tunneling spectra
reveal two sets of peaks, one at ±1.7 meV and the other at
±2.7 meV, with the energy range below 1.5 meV gapped and
empty of spectral weight.3 The other form has three peaks at
±1.5 meV, ±1.9 meV, and ±2.5 meV.

Comparison of these peak values to available ARPES
and STM data confirms their identification as quasiparticle
peaks. ARPES measurements identify four gaps: 1.7 meV
and 2.5 meV for the α′ and β hole bands at the � point,
1.9 meV for the topological surface band, and 4.2 meV for
the γ electron band around the M point [10,31]. Similar gaps
have been observed in STM measurements, although the exact
energies of the quasiparticle peaks vary and not all studies
observe features related to all gaps [4–7,11].

The quasiparticle spectrum of FeTe0.55Se0.45 has pro-
nounced spatial variability. Reference [32] identifies three
distinct structures: a single peak at ±1.4 meV is assigned to
the α′ band, a double peak at ±1.4, 2.4 meV is assigned to
the α′, β bands, and a triple peak at ±1.4, 2.4, and 1.9 meV is
assigned to the α′, β, and surface state bands, respectively. In
our data, we tentatively identify the double gap structure with
the α′, β bands, and the triple gap structure with the α′, β, and
surface state bands. We believe the two forms of the spectrum
arise when the electrode engages two different locations in
the sample, although it is not clear which mechanism could
generate such switching.

C. Tunneling magnetic field dependence

Figure 4 presents tunneling measurements performed on
bottom electrode tunneling Device BE at different magnetic
fields B, oriented either in the ab plane of the sample (B‖) or
perpendicular to it (B⊥). Measurements are realized using a
9–3 T vector magnet (noting that sample orientation causes
the parallel field to have a small perpendicular component).

3Note that all previously stated voltages are with respect to the
center of symmetry, offset by 350 μeV from zero bias. This offset
is compensated in all figures.
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FIG. 3. Tunneling spectrum of Device BE. (a) Differential conductance at different temperatures. Quasiparticle peaks flatten by 1.4 K.
(b) Spectra measured consecutively at zero field and base temperature with no change of parameters, all retracing one of two modes.

Figures 4(a) and 4(b) show the spectrum at representative
fields, while Figs. 4(c) and 4(d) show a color plot of the
spectrum over the full range of magnetic fields [line scans
taken for Figs. 4(a) and 4(b) are marked by dashed lines].
As with the zero-field spectra, one can see the alternations
between the two modes here as well.

As presented in Figs. 4(c) and 4(d), in both orientations
the response of the spectrum to magnetic field is similar, with
a stronger response to B⊥. Below B⊥ = 0.5 T/B‖ = 1 T, the
gap size does not change significantly, but coherence peaks
are gradually suppressed. At increasing fields the quasiparticle
peaks continue to broaden and lose intensity, while spectral
weight appears inside the gap. By B⊥ = 1 T/B‖ = 2 T, the
gap reaches a minimal size of around 0.5 meV for both
field orientations. Upon further increase of the field, the
spectrum hardly changes, aside from individual line scans
showing subgap structure [as in the line scans for B⊥ =

2.5 T/B‖ = 5.6 T shown in Figs. 4(a) and 4(b)]. This switch-
ing between spectral shapes may be related to the bimodal
behavior described previously. It is notable that the material
retains a hard gap of 0.5 meV up to the maximal fields of
B⊥ = 3 T/B‖ = 9 T. These fields should be well over HC1

[33], even when accounting for variability due to device
geometry [20]. We believe that this field-dependent behavior
may arise from vortices entering the junction, with spectral
weight within the gap reflecting either depairing in the vicinity
of vortices due to screening currents, subgap states within
the vortices, or both [34]. These possibilities are discussed
below.

In an STM study on FeTe0.6Se0.4, the gap size away
from vortices changes little from zero field up to B⊥ = 6 T
[7]. Within vortices, quasiparticle peaks broaden, the gap
shrinks, and spectral weight appears within the gap in the form
of discrete bound states [4–8]. The vortices themselves are

FIG. 4. Response of the tunneling spectrum to B⊥, B‖. (a, b) Line scans at representative values of perpendicular and parallel fields,
respectively. Plots are vertically shifted for clarity. (c, d) dI/dV vs B⊥, B‖. Vertical dashed lines in panels (c) and (d) indicate the line scans
plotted in panels (a) and (b), respectively.
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FIG. 5. Spectra of top electrode Device TE: (a) Spectra at different values of B⊥ (at base temperature), with no discernible superconducting
gap, and displaying several bound-state-like features over and under the supposed gap. Spectral features sometimes change discontinuously
with changes in the magnetic field. (b) Close-up of panel (a), displaying slopes of spectral features in magnetic field (symmetrized by an energy
offset). (c) Representative line scan of the spectrum at B⊥ = 1 T [symmetrized like panel (b)]. (d) Temperature dependence of the spectrum at
zero field, peak locations have changed during field cycling. Smearing and closing of the two main peaks highlighted by dashed vertical lines.

arranged in an Abrikosov lattice, with a characteristic spacing
that decreases with magnetic field, though the lattice can lose
its periodic structure at higher fields, around 2–3 T in Ref. [6].
A planar junction measures a spatial average of the spectrum
over the region of the junction, which may encompass a num-
ber of vortices which should increase with field. In NbSe2,
where �/EF � 1, and CdGM states are densely spaced, the
spatially averaged spectrum over a unit cell of the Abrikosov
lattice exhibits a subgap spectrum which changes from a “U”
shape to a “V” shape with increasing field [20,34]. In our
measurements, in contrast, a small hard gap persists to high
B in both orientations.

In FeTe0.55Se0.45, CdGM states are located at half inte-
ger multiples of �2/EF . This should be around 650 μeV
when taking � = 1.7 meV and EF = 4.4 meV measured by
ARPES for the same stoichiometry used here [9]. Mini-
mal energy (approximately 0.3 meV) is indeed observed by
Ref. [7] in STM measurements of three vortices. Reference
[6], on the other hand, observes discrete bound states in

hundreds of vortices, finding a wide variety in energy and
spacing.

Based on the above, we suggest that the spectral features
observed here are the consequence of a small junction area,
sensitive to up to a few vortices. According to this inter-
pretation, the onset of the diminishing of the gap size with
magnetic field at B⊥ = 0.5 T could indicate that vortices begin
to enter the junction at this field, suggesting a spatial scale
for the junction size comparable to the intervortex spacing
(50–100 nm). The existence of a minimal hard gap region
indicates the absence of low-energy in-gap states.

Alternatively, an even smaller junction may be very locally
sensitive to the spectrum away from the vortex center. The be-
havior of the superconducting spectrum in the spatial vicinity
of a vortex is described in an in-depth STM study of NbSe2

[35]. This reference reports a gradual shrinking of coherence
peaks upon approaching within the scale of the London pene-
tration depth (λ) from the vortex core. The effect is attributed
to depairing due to screening currents. Upon entering the
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vortex core within the scale of the superconducting coherence
length (ξ ), the gap size diminishes due to the shrinking of
the superconducting order parameter. This two-stage behavior
qualitatively resembles our data, if we assume that a single
vortex is drawing near our junction with increasing magnetic
field.

D. Bound states

We now turn to measurements taken on the top elec-
trode tunneling device TE. Such devices are fabricated using
a three-layer thick MoS2 tunnel barrier placed on top of
the FeTe0.55Se0.45, where top electrodes are deposited in a
subsequent lithography step. The spectra of these devices
(Fig. 5) are dominated by pairs of sharp conductance peaks
spaced nearly symmetrically about zero bias, with asymmetric
conductances ranging from 0.2 to 2 μS. As seen in Fig. 5(c),
these excitations are not restricted to subgap energies; in fact,
bias symmetric conductance features are found far outside the
expected gap region, near the gap edge, and within the gap.

We interpret these peaks as related to defect-assisted tun-
neling into FeTe0.55Se0.45. Such defects are known to exist
within the TMD tunnel barriers [36], as well as in the oxide
layer observed by cross-sectional STEM measurements and
within the unoxidized FeTe0.55Se0.45. There is no evidence
of a superconducting gap in the spectrum, indicating that the
tunneling electrode is not coupled directly to the superconduc-
tor. Several junctions on the same device exhibit qualitatively
similar behavior, not presented here.

We follow the evolution of these features versus B⊥. The
conductance map shows that the prominent features both
inside and outside of the gap exhibit a linear evolution in
energy [Figs. 5(a) and 5(b)], with slopes ranging between
±0.1 and 0.2 meV/T. It is noteworthy that the peaks do not
split with field (this is true of the other junctions as well). The
energies of the features occasionally change abruptly, while
retaining energy symmetry. These sharp changes occur only
in response to a change in magnetic field.

The field evolution of the in-gap features appears to agree
with a model where Andreev bound states (ABS) are formed
by tunneling into a defect coupled to the superconductor.
In this case, we interpret the observed slopes of the subgap
linear features to originate in the Zeeman effect. Assuming
a spin 1/2 defect yields a Landé g factor of g ≈ 4.8–5.2,
although it is possible that the defect may have a higher
spin. Within the ABS model, the observation that the peaks
never split with magnetic field suggests that the defect retains
a doublet ground state at all fields [37]. This is consistent
for subgap features across several tunnel junctions, indicating
that typically in this system, the defect charging energy is
much larger than the superconducting gap. Alternatively, this
could indicate that the defects are magnetic, giving rise to
Yu-Shiba-Rusinov (YSR)-type bound states. The existence
of ABS in high magnetic fields indicates that the defect
remains proximitized to the superconducting phase and is not
dominated by the vicinity of a vortex core.

In Fig. 5(d) we follow the evolution of the spectrum
with temperature. Increasing the temperature broadens the
conductance peaks and lowers their energy, an effect high-
lighted by the black vertical dashed lines. The reduction of

peak energy with temperature serves as an indicator that they
are related to superconductivity. We do not currently have
a convincing interpretation for the existence of symmetric
features above the energies of all superconducting gaps. These
features behave qualitatively similar to the subgap features
with respect to both temperature and magnetic field and may
be related to inelastic tunneling processes, as in Ref. [38].
However, the nature of the inelastic excitations, as well as
the underlying density of states, is not clear. Alternatively,
resonant single particle tunneling through the defect, a process
unrelated to superconductivity, may produce symmetric peaks
in the unique case of equal capacitance of the defect to both
source and drain.

IV. CONCLUSIONS

We present several methods to fabricate transport and
tunneling devices from FeTe0.55Se0.45. Although surface ox-
idation was not prevented even by exfoliation in an inert at-
mosphere, we successfully incorporate FeTe0.55Se0.45 into de-
vices and observe both hard gap and defect-assisted tunneling.
In the hard gap tunneling device, we observe the persistence of
a minimal hard gap in high in-plane and out-of-plane magnetic
fields. The robust nature of these gaps may be due to a small
junction area and may also be related to a quantum-limit
minimal energy spacing of CdGM states. This behavior is
not typical of planar tunnel devices into superconductors and
calls for further exploration. Defect-assisted tunneling into
FeTe0.55Se0.45 exhibits subgap resonant spectral features inter-
preted as ABS excitations with a doublet ground state. Less
clear is the origin of the out-of-gap resonances, tentatively
associated with superconductivity. These observations show
that there is interest in further study of subgap bound states in-
duced by proximity to an exotic superconductor. We conclude
that further refinement of exfoliation and fabrication methods
should enable the investigation of iron-based superconductors
by integration into vdW devices. Methods which have worked
with other two-dimensional materials and may be adapted to
FeTe0.55Se0.45 tunnel devices include complete encapsulation
of the full flake within a protective barrier [39] and clean-
ing techniques such as heat annealing [40] or mechanical
cleaning [41].

V. METHODS

A. Prepatterned electrode devices

The electrodes in Device BE were prepared by laser writer
lithography and Ti/Au evaporation and cleaned by plasma
ashing. Flakes of MoS2 (three to six layers, identified by
optical contrast) were exfoliated by the Scotch tape technique
and transferred to PDMS Gelpacks, selected by their optical
color and transparency and stamped onto the electrodes. This
technique is described in Ref. [42]. FeTe0.55Se0.45 flakes were
similarly transferred on top, so that a few electrodes are in
direct contact with the flake (Ohmic contacts) while other
electrodes lie underneath both the FeTe0.55Se0.45 and the
tunnel barrier, to allow for standard tunnel junction geometry.
The device geometry is illustrated in Fig. 1(a). We fabricated
multiple Ohmic and tunneling contacts in this geometry. The
Ohmic contacts gave resistances varying between 200 and
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5000 	. We note that identical devices fabricated outside of
the glove box gave no Ohmic contacts, possibly due to oxi-
dation. Tunneling contacts showed mostly trivial differential
conductance, with only one contact exhibiting the tunneling
behavior described in this paper. This, too, could be due to the
oxidation of the FeTe0.55Se0.45 [see Fig. 1(c)].

B. Top electrodes

In Devices TR and TE, flakes of FeTe0.55Se0.45 were exfo-
liated by Scotch tape and transferred directly to the substrate
surface. For Device TE MoS2 flakes (two to seven layers,
by optical contrast) were selected and stamped on top, in
similar fashion to the ones in the prepatterned electrode
device. Ti/Au electrodes were fabricated on top of the het-
erostructure by electron beam lithography and evaporation.
For the Ohmic contacts, argon ion milling was performed
before evaporation to remove surface oxide. This is a crucial
step for low-resistance Ohmic contacts. The optimal thickness
for the MoS2 tunnel barrier in this method was found to be
three layers, giving a consistent resistance of several M	 and
displaying defect-assisted tunneling. Contacts on two-layer-
thick flakes tended to be Ohmic while contacts on flakes
thicker than four layers tended to have a resistance of tens
of M	 or be disconnected. We have tried fabricating devices
in this geometry using WSe2 as a barrier as well and found
that it usually results in Ohmic contacts. We have attempted
to heat the devices after fabrication in order to clean organic
residue from the interface, as works well with other materials.

However, in the case of FeTe0.55Se0.45 we have observed that
heating to a temperature of 150 ◦C for 3 h produces channels
in the surface, visible to an optical microscope, and a low
yield of Ohmic contacts, although the material does remain
superconducting in the bulk.

C. STEM sample preparation and measurement

The sample for the cross-sectional STEM measurement
was prepared by using a focused ion beam, Thermo Fisher
Scientific Helios NanoLab 460F1 DualBeam, to cut the thin
lamella from a sacrificial bottom electrode device. High-angle
annular dark field (HAADF) imaging and energy-dispersive
spectroscopy (EDS) analysis was performed on a Thermo
Fisher Scientific Themis Z scanning transmission electron
microscope (STEM).

ACKNOWLEDGMENTS

We would like to acknowledge fruitful discussions on
FeTe0.55Se0.45 with Amit Kanigel, on YSR states with Hen
Alpern, and on van der Waals tunneling into superconductors
with Tom Dvir. This work was funded by a European Re-
search Council Starting Grant (No. 637298, TUNNEL) and Is-
raeli Science Foundation grant 1363/15. Work at Brookhaven
is supported by the Office of Basic Energy Sciences, Division
of Materials Sciences and Engineering, US Department of
Energy under Contract No. DE-SC0012704. A.Z. is grateful
to the Azrieli Foundation for an Azrieli Fellowship.

[1] Y. Lubashevsky, E. Lahoud, K. Chashka, D. Podolsky,
and A. Kanigel, Shallow pockets and very strong cou-
pling superconductivity in FeSexTe1−x , Nat. Phys. 8, 309
(2012).

[2] S. Rinott, K. B. Chashka, A. Ribak, E. D. L. Rienks, A. Taleb-
Ibrahimi, P. Le Fevre, F. Bertran, M. Randeria, and A. Kanigel,
Tuning across the BCS-BEC crossover in the multiband su-
perconductor Fe1+ySexTe1−x : An angle-resolved photoemission
study, Sci. Adv. 3, e1602372 (2017).

[3] C. Caroli, P. G. De Gennes, and J. Matricon, Bound Fermion
states on a vortex line in a type II superconductor, Phys. Lett. 9,
307 (1964).

[4] J. X. Yin, Z. Wu, J. H. Wang, Z. Y. Ye, J. Gong, X. Y. Hou, L.
Shan, A. Li, X. J. Liang, X. X. Wu, J. Li, C. S. Ting, Z. Q. Wang,
J. P. Hu, P. H. Hor, H. Ding, and S. H. Pan, Observation of
a robust zero-energy bound state in iron-based superconductor
Fe(Te, Se), Nat. Phys. 11, 543 (2015).

[5] D. Wang, L. Kong, P. Fan, H. Chen, S. Zhu, W. Liu, L. Cao, Y.
Sun, S. Du, J. Shneeloch, R. Zhong, G. Gu, L. Fu, H. Ding, and
H.-J. Gao, Evidence for Majorana bound states in an iron-based
superconductor, Science 362, 333 (2018).

[6] T. Machida, Y. Sun, S. Pyon, S. Takeda, Y. Kohsaka, T.
Hanaguri, T. Sasagawa, and T. Tamegai, Zero-energy vortex
bound state in the superconducting topological surface state of
Fe(Se, Te), Nat. Mater. 18, 811 (2019).

[7] L. Kong, S. Zhu, M. Papaj, L. Cao, H. Isobe, W. Liu, D. Wang,
P. Fan, H. Chen, Y. Sun, S. Du, J. Schneeloch, R. Zhong, G. Gu,
L. Fu, H.-J. Gao, and H. Ding, Observation of half-integer level

shift of vortex bound states in an iron-based superconductor,
arXiv:1901.02293 (2019).

[8] K. Jiang, X. Dai, and Z. Wang, Quantum Anomalous Vortex and
Majorana Zero Mode in Iron-Based Superconductor Fe(Te, Se),
Phys. Rev. X 9, 011033 (2019).

[9] J. I. Wang, L. Bretheau, D. Rodan-Legrain, R. Pisoni, K.
Watanabe, T. Taniguchi, and P. Jarillo-Herrero, Tunneling spec-
troscopy of graphene nanodevices coupled to large-gap super-
conductors, Phys. Rev. B 98, 121411(R) (2018).

[10] P. Zhang, K. Yaji, T. Hashimoto, Y. Ota, T. Kondo, K. Okazaki,
Z. Wang, J. Wen, G. D. Gu, H. Ding, and S. Shin, Observation
of topological superconductivity on the surface of an iron-based
superconductor, Science 360, 182 (2018).

[11] T. Hanaguri, S. Niitaka, K. Kuroki, and H. Takagi, Unconven-
tional s-wave superconductivity in Fe(Se, Te), Science 328, 474
(2010).

[12] R.-X. Zhang, W. S. Cole, and S. D. Sarma, Helical Hinge
Majoranas in Iron-Based Superconductors, Phys. Rev. Lett.
122, 187001 (2019).

[13] M. J. Gray, J. Freudenstein, S. Y. F. Zhao, R. O’Connor, S.
Jenkins, N. Kumar, M. Hoek, A. Kopec, S. Huh, T. Taniguchi,
K. Watanabe, R. Zhong, C. Kim, G. D. Gu, and K. S. Burch,
Evidence for helical hinge zero modes in an Fe-based super-
conductor, Nano Lett. 19, 4890 (2019).

[14] C. H. Wu, W. C. Chang, J. T. Jeng, M. J. Wang, Y.
S. Li, H. H. Chang, and M. K. Wu, Transport properties
in FeSe0.5Te0.5 nanobridges, Appl. Phys. Lett. 102, 222602
(2013).

064517-7

https://doi.org/10.1038/nphys2216
https://doi.org/10.1038/nphys2216
https://doi.org/10.1038/nphys2216
https://doi.org/10.1038/nphys2216
https://doi.org/10.1126/sciadv.1602372
https://doi.org/10.1126/sciadv.1602372
https://doi.org/10.1126/sciadv.1602372
https://doi.org/10.1126/sciadv.1602372
https://doi.org/10.1016/0031-9163(64)90375-0
https://doi.org/10.1016/0031-9163(64)90375-0
https://doi.org/10.1016/0031-9163(64)90375-0
https://doi.org/10.1016/0031-9163(64)90375-0
https://doi.org/10.1038/nphys3371
https://doi.org/10.1038/nphys3371
https://doi.org/10.1038/nphys3371
https://doi.org/10.1038/nphys3371
https://doi.org/10.1126/science.aao1797
https://doi.org/10.1126/science.aao1797
https://doi.org/10.1126/science.aao1797
https://doi.org/10.1126/science.aao1797
https://doi.org/10.1038/s41563-019-0397-1
https://doi.org/10.1038/s41563-019-0397-1
https://doi.org/10.1038/s41563-019-0397-1
https://doi.org/10.1038/s41563-019-0397-1
http://arxiv.org/abs/arXiv:1901.02293
https://doi.org/10.1103/PhysRevX.9.011033
https://doi.org/10.1103/PhysRevX.9.011033
https://doi.org/10.1103/PhysRevX.9.011033
https://doi.org/10.1103/PhysRevX.9.011033
https://doi.org/10.1103/PhysRevB.98.121411
https://doi.org/10.1103/PhysRevB.98.121411
https://doi.org/10.1103/PhysRevB.98.121411
https://doi.org/10.1103/PhysRevB.98.121411
https://doi.org/10.1126/science.aan4596
https://doi.org/10.1126/science.aan4596
https://doi.org/10.1126/science.aan4596
https://doi.org/10.1126/science.aan4596
https://doi.org/10.1126/science.1187399
https://doi.org/10.1126/science.1187399
https://doi.org/10.1126/science.1187399
https://doi.org/10.1126/science.1187399
https://doi.org/10.1103/PhysRevLett.122.187001
https://doi.org/10.1103/PhysRevLett.122.187001
https://doi.org/10.1103/PhysRevLett.122.187001
https://doi.org/10.1103/PhysRevLett.122.187001
https://doi.org/10.1021/acs.nanolett.9b00844
https://doi.org/10.1021/acs.nanolett.9b00844
https://doi.org/10.1021/acs.nanolett.9b00844
https://doi.org/10.1021/acs.nanolett.9b00844
https://doi.org/10.1063/1.4809920
https://doi.org/10.1063/1.4809920
https://doi.org/10.1063/1.4809920
https://doi.org/10.1063/1.4809920


AYELET ZALIC et al. PHYSICAL REVIEW B 100, 064517 (2019)

[15] Y. Liu, N. O. Weiss, X. Duan, H. C. Cheng, Y. Huang, and X.
Duan, Van der Waals heterostructures and devices, Nat. Rev.
Mater. 1, 16042 (2016).

[16] K. S. Novoselov, A. Mishchenko, A. Carvalho, and A. H. Castro
Neto, 2D materials and van der Waals heterostructures, Science
353, aac9439 (2016).

[17] R. Frisenda, E. Navarro-Moratalla, P. Gant, D. Pérez De Lara,
P. Jarillo-Herrero, R. V. Gorbachev, and A. Castellanos-Gomez,
Recent progress in the assembly of nanodevices and van der
Waals heterostructures by deterministic placement of 2D mate-
rials, Chem. Soc. Rev 47, 53 (2018).

[18] L. Bretheau, J. I. Wang, R. Pisoni, K. Watanabe, T. Taniguchi,
and P. Jarillo-Herrero, Tunnelling spectroscopy of Andreev
states in graphene, Nat. Phys. 13, 756 (2017).

[19] T. Dvir, F. Massee, L. Attias, M. Khodas, M. Aprili, C. H. L.
Quay, and H. Steinberg, Spectroscopy of bulk and few-layer
superconducting NbSe2 with van der Waals tunnel junctions,
Nat. Commun. 9, 598 (2018).

[20] T. Dvir, M. Aprili, C. H. L. Quay, and H. Steinberg, Tunneling
into the vortex state of NbSe2 with van der Waals junctions,
Nano Lett. 18, 7845 (2018).

[21] E. Khestanova, J. Birkbeck, M. Zhu, Y. Cao, G. L. Yu, D.
Ghazaryan, J. Yin, H. Berger, L. Forró, T. Taniguchi, K.
Watanabe, R. V. Gorbachev, A. Mishchenko, A. K. Geim, and
I. V. Grigorieva, Unusual suppression of the superconducting
energy gap and critical temperature in atomically thin NbSe2,
Nano Lett. 18, 2623 (2018).

[22] J. O. Island, G. A. Steele, H. S. van der Zant, and A.
Castellanos-Gomez, Thickness dependent interlayer transport
in vertical MoS2 Josephson junctions, 2D Mater. 3, 031002
(2016).

[23] N. Yabuki, R. Moriya, M. Arai, Y. Sata, S. Morikawa, S.
Masubuchi, and T. Machida, Supercurrent in van der Waals
Josephson junction, Nat. Commun. 7, 10616 (2016).

[24] D. K. Efetov, L. Wang, C. Handschin, K. B. Efetov, J. Shuang,
R. Cava, T. Taniguchi, K. Watanabe, J. Hone, C. R. Dean, and P.
Kim, Specular interband Andreev reflections at van der Waals
interfaces between graphene and NbSe2, Nat. Phys. 12, 328
(2016).

[25] M. R. Sahu, P. Raychaudhuri, and A. Das, Andreev reflection
near the Dirac point at the graphene-NbSe2 junction, Phys. Rev.
B 94, 235451 (2016).

[26] M. R. Sahu, X. Liu, A. K. Paul, S. Das, P. Raychaudhuri, J. K.
Jain, and A. Das, Inter-Landau-Level Andreev Reflection at the
Dirac Point in a Graphene Quantum Hall State Coupled to a
NbSe2 Superconductor, Phys. Rev. Lett. 121, 086809 (2018).

[27] D. Costanzo, H. Zhang, B. A. Reddy, H. Berger, and A. F.
Morpurgo, Tunnelling spectroscopy of gate-induced supercon-
ductivity in MoS2, Nat. Nanotechnol. 13, 483 (2018).

[28] M. Liao, Y. Zhu, J. Zhang, R. Zhong, J. Schneeloch, G. Gu,
K. Jiang, D. Zhang, X. Ma, and Q.-K. Xue, Superconductor-
insulator transitions in exfoliated Bi2Sr2CaCu2O8+δ flakes,
Nano Lett. 18, 5660 (2018).

[29] Q. Li, W. Si, and I. K. Dimitrov, Films of iron chalcogenide
superconductors, Rep. Prog. Phys. 74, 124510 (2011).

[30] Y. Sun, T. Taen, T. Yamada, Y. Tsuchiya, S. Pyon, and T.
Tamegai, Evolution of superconducting and transport properties
in annealed FeTe1−xSex (0.1 � x � 0.4) multiband supercon-
ductors, Supercond. Sci. Technol. 28, 044002 (2015).

[31] H. Miao, P. Richard, Y. Tanaka, K. Nakayama, T. Qian, K.
Umezawa, T. Sato, Y.-M. Xu, Y. B. Shi, N. Xu, X.-P. Wang,
P. Zhang, H.-B. Yang, Z.-J. Xu, J. S. Wen, G.-D. Gu, X. Dai,
J.-P. Hu, T. Takahashi, and H. Ding, Isotropic superconduct-
ing gaps with enhanced pairing on electron Fermi surfaces in
FeTe0.55Se0.45, Phys. Rev. B 85, 094506 (2012).

[32] Z. Wang, J. O. Rodriguez, L. Jiao, S. Howard, M. Graham, G. D.
Gu, T. Hughes, D. K. Morr, and V. Madhavan, Signature of dis-
persing 1D Majorana channels in an iron-based superconductor,
arXiv:1903.00515 (2019).

[33] T. Klein, D. Braithwaite, A. Demuer, W. Knafo, G. Lapertot, C.
Marcenat, P. Rodière, I. Sheikin, P. Strobel, A. Sulpice, and P.
Toulemonde, Thermodynamic phase diagram of Fe(Se0.5Te0.5)
single crystals in fields up to 28 Tesla, Phys. Rev. B 82, 184506
(2010).
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