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ABSTRACT: We study unconventional superconductivity in
exfoliated single crystals of a promising three-dimensional
(3D) topological superconductor candidate, Nb-doped Bi,Se;
through differential conductance spectroscopy and magneto-
transport. The strong anisotropy of the critical field along the
out-of-plane direction suggests that the thin exfoliated flakes
are in the quasi-2D limit. Normal metal-superconductor (NS)
contacts with either high or low transparencies made by
depositing gold leads onto Nb-doped Bi,Se; flakes both show
significant enhancement in zero bias conductance and
coherence dips at the superconducting energy gap. Such
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behavior is inconsistent with conventional Blonder—Tinkham—Klapwijk theory. Instead, we discuss how our results are
consistent with p-wave pairing symmetry, supporting the possibility of topological superconductivity in Nb-doped Bi,Ses.
Finally, we observe signatures of multiple superconducting energy gaps, which could originate from multiple Fermi surfaces

reported earlier in bulk crystals.
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here has been tremendous effort to realize topological
superconductivity in three-dimensional topological in-
sulators either through proximity coupling to superconduc-
tors' = or through chemical dopants and intercalations.”™""
These superconductors are speculated to possess an unconven-
tional superconducting gap with p-wave pairing symmetry' '’
that generally results in the formation of subgap surface
Andreev bound states. Such exotic superconductors host zero
energy Bogoliubov quasiparticles that mimic Majorana
Fermions.'”"> Majorana modes have a great potential to
implement topologically protected quantum computation.'®
One common method to investigate an exotic super-
conductor is to perform Andreev reflection spectroscopy on
a localized normal metal-superconductor (NS) junction.'’
This method has been employed to study conductance spectra
obtained with a gold contact on superconducting doped
topological insulators such as Cu,Bi,Se;. The robust zero bias
peaks at low temperatures are attributed to zero energy surface
bound states and p-wave pairing symmetry.9 These intriguing
results stimulated further spectroscopic experiments. However,
low-temperature scanning tunneling microscopy (STM)
measurements exhibited contradictory results'® that were
consistent with s-wave pairing. Recent nuclear magnetic
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resonance experiments presented more conclusive findings by
showing spontaneously broken spin-rotation symmetry in the
hexagonal plane of the electron-doped topological insulator
Cug3Bi,Se; in the superconducting state suggesting evidence
for spin-triplet pairing and nematicity."”

The devices we study in this paper employ localized normal
metal leads fabricated on top of thin flakes of Nb-doped
topological insulator Bi,Se;, Nb,Bi,Se;. The material claimed
to have coexistence of magnetic ordering and unusual
superconductivity'’ due to spontaneous time reversal
symmetry breaking.zo’21 Moreover, torque magnetometry
measurements reported rotational symmetry breaking suggest-
ing a nematic order in the superconducting ground state of
Nb,Bi,Se;, consistent with an E, pairing symmetry.22
Complementary directional penetration depth measurements
supported the presence of rotational symmetry breaking and a
nodal superconducting energy gap.”> Recent scanning
tunneling microscopy (STM) studies have reported the
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Figure 1. (a) The Nb_Bi,Se; slab used in the calculations showing quintuple layers of Bi,Se; and single intercalated Nb atom. (b) The charge
density distributions calculated within 20 meV below the Fermi level for Nb,Bi,Se;. The charge isosurface level is the same for spin up and spin
down electronic channels. (c,d) Calculated electronic structures of the Bi,Se; slab and Nb doped Bi,Se; slab for comparison.
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Figure 2. (a) Scanning electron microscopy image of a device, the conductance spectra of which is shown in Figure 3e,f, made with two gold leads
on a 16 nm thick exfoliated piece of Nb,,3Bi,Se;. The configuration of current and voltage probes for two-terminal measurements are schematically
shown. (b) Longitudinal resistance as a function of temperature from a Hall bar device fabricated on a similar flake showing the transition

temperature. Inset shows the schematics of the hall bar device.

existence of topological surface states’ and supported the
existence of unconventional superconductivity in Nb,Bi,Se;.”

Unlike the closest counterpart Cu doped Bi,Se;, in
Nb,Bi,Se; niobium intercalation leads to dramatic changes in
the electronic band structure of Bi,Se; partly because Nb with
partially occupied d-states behaves as magnetic dopant and
strongly interacts with hosting Bi,Se; bands near the Fermi
level.'” This leads to complex features in the Fermi surface
associated with the material such as split states, new pockets,
and significant difference between spin up and down electronic
channels.”® Contrary to Cu, Nb atom has a strong preference
for the interconnect site as shown for the slab used in the

39

density functional theory (DFT) calculations that mimics our
exfoliated thin crystals (Figure 1a). The strong hybridization
between the d-state of a single Nb atom and quintuple layers of
Bi,Se; slab can be seen in the charge density distribution
calculated within 20 meV below the Fermi level in Figure 1b,
resolved for the spin up and down situations.

The calculated band structures of thin slabs of Bi,Se; and
Nb doped Bi,Se; are shown in Figure 1c,d, respectively, for
comparison. The details of the DFT calculations can be found
in the Supporting Information. A single Nb atom intercalation
modifies the band structure significantly. In particular, DFT
calculations show that electronic bands with different spin
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Figure 3. (a) Measured Andreev reflection spectra at various temperatures for a low resistance device with Ry = 193 ohms. (b) Simulated spectrum
for (a) at the lowest temperature with a single gap. (c,d) Measured and calculated spectra (at the lowest temperature) for a high resistance device
with Ry = 3.4 kohms. In (b,d), voltage is normalized by the superconducting energy gap and conductance is normalized by the normal state
conductance, Ry. Temperature (e) and magnetic field (f) dependence of conductance spectra from another device with transparent contacts. Zero
bias conductance peaks gradually get weaker with both temperature and magnetic field.

polarizations emerge in Nb,Bi,Se;. In addition, new Fermi
surfaces seem to develop upon Nb doping. As we will argue
below, such band structure leads to novel features of
superconducting state.

Here, we report anomalous Andreev reflection spectra from
Au/Nb,Bi,Se; junctions with varying transparencies that are
inconsistent with conventional Blonder—Tinkham—Klapwijk
theory for s-wave superconductivity.27 These features,
including zero bias conductance peaks and dips at the
superconducting pairing energy, can be described by certain
forms of p-wave superconductivity.

Figure 2a shows a scanning electron microscopy (SEM)
image of one of the measured devices with two Au localized
contacts on top of a 16 nm thick exfoliated thin flake of
Nby,sBi;Se; (data are shown in Figure 3e and f). The bulk
samples show robust superconductivity with a transition
temperature of 3.5 K.'” The method by which high quality
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samples were grown is discussed elsewhere.'’ Starting with
single crystals of Nby,sBi,Se;, we transfer thin flakes onto
doped Si substrates with a 300 nm thick oxide layer through
the traditional scotch tape method. After thin, flat, and large
area pieces are identified with atomic force microscopy, we
define the junction leads by e-beam lithography and lift-oft of
an e-beam evaporated film of S0 nm Au. Prior to metallization,
we employ in situ Ar jon-milling of the sample surface to
remove any native oxides or other contaminants. The light
etching (about a few seconds with a beam current of 10 mA
and beam voltage of 400 V) of the crystal surface cleans the NS
interface and improves contact resistance. Etching will also
produce a rougher surface with multiple crystallographic planes
contributing to the NS interface. Incomplete etching will
generate NS junctions with thin tunnel barriers with reduced
transparency and higher resistances. Although not used in the
measurements presented here, a top gate was created by first
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depositing a thin layer of Al,O; on the devices via atomic layer
deposition. The top gate is defined with a second lithographic
process (see Figure 2a), followed by e-beam evaporation of Au.
The devices were thermally anchored to the mixing chamber of
a cryogen-free dilution refrigerator equipped with a vector
magnet and filtered wiring. We perform low-frequency
transport measurements with standard lock-in techniques,
typically with a 10 nA AC excitation at 73 Hz.

Devices with six contacts in a Hall bar geometry as shown in
the inset of Figure 2b allow measurements of intrinsic
dissipation R,, while avoiding the influence of contact
resistance. The longitudinal resistance versus temperature
obtained from a Hall bar device fabricated on a 17 nm thick
flake demonstrates a transition temperature of 800 mK as
shown in the main panel of Figure 2b. This is significantly
reduced from the bulk value due to either finite size effects or
disorder.

Devices with only two or three normal metal leads are
employed for Andreev reflection spectroscopy of the NS
interface. Differential conductance versus voltage, dI/dV versus
V, characteristics of a sample with relatively transparent Au/
Nby,sBi,Se; interface are shown in Figure 3a for various
temperatures. Below the critical temperature, the device shows
significant enhancement in conductance around zero bias due
to Andreev reflection at the interface of Nby,4Bi,Se; and Au
followed by additional high bias features. These broad zero
bias conductance (ZBC) peaks are accompanied by sharp dips
at the superconducting gap, which are not observed in
superconductors with conventional s-wave pairing symmetry.
In fact, this abrupt suppression of conductance at super-
conducting gap is a signature of shifting spectral weight away
from high energy states to form low energy surface bound
states and is often associated with p-wave pairing symmetry.”*
We typically observe energy gaps in the range of 100—500 V.
One can notice two sets of conductance dips in Figure 3a. This
could be ascribed to two different energy gaps of similar but
distinct magnitudes. We will discuss this possibility in greater
detail later on.

Despite numerous calculations for the Andreev conductance
spectra for the various categories of odd-parity and topological
superconductivity (e.g, refs 28—31), determining which
pairing symmetry corresponds to an observed conductance
spectra is problematic because the presence of multiple fitting
parameters permit agreement with more than one model. In
Figure 3b, we show calculated conductance spectra of a p-wave
symmetry superconductor junction by using the E,(2) model
shown in ref 30 for a moderate barrier strength of Z = 1.5 to
represent the partial transparency of the NS interface and
match the shape of the observed spectrum in Figure 3a. We
include a broadening parameter I' to reflect inelastic scattering
or thermal fluctuations and a weighting parameter w to match
the height of the conductance peak relative to the background
conductance. For E,(2) symmetry, the matrix form of the pair
potential, A, can be written in terms of polar and azimuthal
angles 0 and ¢ where A, (6,) = Aye'” sin 0 and A (6,) =
A (0,4) = A (0,¢) = 0. In that model, tunneling in the z—y
plane gives a prominent ZBC peak, as do several other odd-
parity models in other directions. Because of the surface
roughness induced by ion milling prior to deposition of the
gold leads, it is likely that our devices include contributions
from tunneling into both the z—y and the x—y planes of the
Nb,Bi,Se; crystal. We do not presume E,(2) is the actual
pairing symmetry of Nb,,sBi,Se;, but we select it for our

41

modeling because other experimental studies are also
consistent with this pairing symmetry’>*® and to show its
agreement with our results. Although material-specific
conditions such as interorbital interactions might alter the
exact structure of the pairing interaction,””*" it is probable that
our simple formalism for the pairing should be sufficient to
qualitatively describe our experimental results.

Having discussed the devices with relatively more trans-
parent NS contacts, we now turn to conductance spectra of
comparatively higher contact resistance devices. Such devices
typically demonstrate a split peak at low temperatures instead
of a single broad ZBC peak due to increasing barrier strength
at the NS interface.”” Figure 3c shows temperature depend-
ence of differential conductance characteristics from a device
with the normal state resistance Ry of 3.4 k€2. The well-defined
split peak feature accompanied by a sharp dip at the
superconducting gap at low temperatures gets suppressed
with temperature and eventually evolves into a single peak
around zero bias beyond 600 mK. Above 950 mK, super-
conductivity is completely lost.

We plot a simulated spectrum in Figure 3d using the E,(2)
model with a large barrier strength of Z = S. To capture the
split peak feature of Figure 3¢, we include contributions from
tunneling into both the z—y plane (with normalized pairing
energy Ay = 1) and the x—y plane (with a smaller pairing
energy A, = 0.2).

We also note that the split peak shape in Figure 3c can result
from surface Andreev bound states.”'” Such subgap states form
on the surface of topological superconductors and lead to a
characteristic split peak feature in spectroscopic measurements
due to van Hove singularities in their density of states."” A
caveat is that refs 9 and 13 considered the case of time-reversal
symmetric topological superconductors, although it is possible
that similar features are observable in topological super-
conductors with broken time-reversal symmetry such as
Nb,Bi,Se;.

Although a finite critical current might also generate
spurious ZBC peaks,”” strong temperature and magnetic field
dependence of the conductance at zero voltage can help to rule
this out. To investigate this, we show color plots of dI/dV
versus V as a function of temperature and magnetic field from
another low contact resistance-Andreev reflection device made
with 16 nm thick flake in Figures 3e,f . We observe that above
300 mK the height of the zero bias conductance continually
drops as temperature increases as shown in Figure 3e.
Similarly, conductance at zero bias also decreases in the
presence of a small magnetic field (Figure 3f) despite the
persistence of strong coherence dips. As argued by ref 9, this
behavior is incompatible with false zero bias conductance
peaks generated by finite critical current, which would leave
zero bias conductance unchanged after small rises in
temperature or magnetic field. Instead, the apparent width of
the zero bias conductance peak would shrink due to the
reduction in the critical current. Further discussion can be
found in the Supporting Information.

Furthermore, one can see the coherent conductance dips
just beyond the superconducting gaps in high resistance
samples as observed in devices with more transparent contacts.
The appearance of such conductance dips in high resistance
samples helps to rule out finite critical currents as the source of
the anomalous suppression in conductance at the super-
conducting energy gap.
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Figure 4. (a)b) Andreev spectra from two different devices that each contain two apparently different energy gaps. Hysteretic current—voltage
behavior leads to discontinuities in the measured spectra. The sweep direction of the bias current is indicated by the arrows.
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Figure 5. (a) Temperature dependence of differential conductance of one of the high resistance devices. (b) Color plot of out of magnetic field
dependence of dI/dV for the same device. (c¢) Comparison of in-plane and out-of-plane magnetic field dependence of differential conductance,
showing a strong directional anistropy.(d) Longitudinal resistance as a function of out-of-plane magnetic field obtained from a Hall bar device.

One can compare our results with previous spectroscopic
studies of NbSe,.””** Like Nb-doped Bi,Se;, NbSe, can be
exfoliated to produce thin flakes. However, it is thought to be
an s-wave superconductor. In particular, one study”” reported
the conductance spectra of NbSe,/graphene junction where
the interface transparency can be varied by gating the
graphene. Thus, the NS junction can be in situ tuned between
the tunneling and Andreev reflection regimes. In contrast to
our results, their obtained spectra in all regimes lack of
coherence dips at the superconducting gap and are able to be
described by the standard BTK model employing super-
conductors with isotropic homogeneous gap.

Now, we return to the possibility for multigap super-
conductivity with a different batch of crystals showing much
clearer additional conductance features at the lowest temper-
atures. In Figure 4a,b, the 20 mK conductance traces exhibit a
robust additional ZBC peak that is superimposed on the

42

broader main ZBC peak. Like the main broad Andreev
reflection feature, this additional conductance peak is
accompanied by strong dips in conductance. At the low
temperatures, the observed I—V characteristics are highly
hysteretic, possibly due to a circuit instability caused by a large
negative differential conductance™ or by heating; in any event,
the coherence dips associated with the main Andreev reflection
features are partially obscured at 20 mK traces. The arrows in
20 mK traces show the direction in which we sweep the bias
current. As the temperature is increased but still below T,
these dips are clearly observed in spectra (see the conductance
spectra for each sample in red). The insets show the
temperature dependence of the zero bias conductance versus
temperature in which two distinct transitions are apparent. The
additional Andreev reflection features disappear roughly
around 300 mK and suggest the presence of an extra smaller
gap closing at lower temperatures.

DOI: 10.1021/acs.nanolett.8b02954
Nano Lett. 2019, 19, 38—45


http://dx.doi.org/10.1021/acs.nanolett.8b02954

Nano Letters

Such additional features appearing at low temperatures and
low energies could be due to the multiple Fermi surfaces of
Nb,Bi,Se;, as also observed in other exotic materials with
complex pairing such as Sr,RuO,.*° As argued above, our
calculated band structures of Nb intercalated Bi,Se; slabs show
that Nb states hybridize with host Bi,Se; states near the Fermi
level resulting in multiple spin-dependent Fermi surfaces.”®
Superconducting pairing in such a band structure (pairing
within the bands or between various bands) could yield our
experimental observations of Andreev conductance spectra
with multiple gap features.

The additional features at low energy can also result from
spatial inhomogeneity of the superconducting gap in the NS
devices. For example, there might be regions of weakened
superconductivity in the Nby,¢Bi,Se; crystals, such as in the
regions directly in contact with the gold probe, which could
exhibit a smaller superconducting gap from an inverse
proximity effect.”” On the other hand, the inverse proximity
effect is expected to result in a smoothly varying gap in the
superconductor near the NS interface. It is not clear to us how
the inverse proximity effect might create a single, distinctly
smaller gap observed through spectroscopy.

We finally discuss the magnetotransport properties of our
devices. We first consider another high resistance Andreev
reflection device with Ry = 2.1 kQ whose temperature-
dependent conductance spectra at zero field is shown in Figure
Sa. Similar to the device shown in Figure 3c, here we also
observe a split peak centered on zero bias with depressed
conductance at finite bias. We plot the evolution of the
Andreev spectrum of the device with out of plane magnetic
field, B,, in Figure 5b. Curiously, the location of the two peaks
remain essentially independent of magnetic field. Faint
signatures of the two peaks remain even after the magnetic
field has fully quenched other features of Andreev reflection.
We do not observe a splitting of the é)eaks with magnetic field,
helping to rule out a Kondo effect’® or other types magnetic
anomalies as an origin for the zero bias conductance peaks.

The magnetotransport measurements of three-dimensional
(3D) bulk crystals of the Nb-doped Bi,Se; have been reported
to show strong directional anisotropy.”> Thus, we explore the
magnetic field direction anisotropy on conductance character-
istics on thin flakes. Figure Sc shows differential conductance
traces of the same high resistance sample at 250 mT as the
magnetic field is applied in-plane (B, or B,) and out-of-plane
(B,) orientations with respect to the substrate. The blue curve
is the single conductance trace with perpendicular magnetic
field marked with dashed lines in Figure Sb. The conductance
spectra are highly affected by the out-of-plane magnetic field
but remain almost unchanged with the in-plane magnetic field.
All spectral features are suppressed beyond 300 mT with out-
of-plane magnetic field as seen in Figure Sb. This suggests that
there is a strong anisotropy of critical field between in-plane
and out-of-plane directions. Thus, our thin flakes are in a quasi
two-dimensional limit, in which orbital effects are determined
by mostly in-plane motion rather than out-of-plane motion. It
is not yet clear whether this reduced dimensionality arises from
the extreme thinness of our devices compared to the
superconducting coherence length or reflects the dominance
of two-dimensional surface states.

Figure 5d shows longitudinal resistance as a function of out-
of-plane magnetic field obtained from the same Hall bar device
in Figure 2b that is constructed from a 17 nm thick flake. Prior
to reaching the upper critical magnetic field, we observe finite
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resistance, suggesting the dissipative flow of magnetic
vortices.” The resistance begins to rise most dramatically
beyond 100 mT, which we tentatively identify as the lower
critical field for this particular thin flake. One can observe at
least two distinct transitions with the magnetic field, which are
absent in the temperature dependence of resistance shown in
Figure 2b. The derivation of R, with respect to magnetic field
in the insets of Figure 5d gives three peaks corresponding to
these transitions. These multiple critical fields suggest the
formation of different vortex states.*” Our results suggest the
feasibility of introducing magnetic vortices in Nb-doped Bi,Se;,
which could potentially harbor zero-energy Majorana bound
states. """

In summary, we explored the differential conductance
spectroscopy of exfoliated thin pieces of Nb-doped Bi,Se;
coupled to normal metal leads at different spectral regimes. We
observed an upper critical field anisotropy between in-plane
and out-of-plane directions suggesting the Nb,,sBi,Se; flakes
are in the two-dimensional limit. At low temperatures, we
observed a broad enhancement in conductance at low energies,
consistent with Andreev reflection. However, the enhanced
conductance persists even in high resistance devices and is
accompanied by coherence dips at the superconducting gap
that are not explained by conventional BTK theory and are
associated with p-wave symmetry pairing. Most of the obtained
conductance spectra show multiple gap features originating
from unconventional band structure of Nb,Bi,Se; and the
presence of additional Fermi surfaces. Our results advance the
understanding of topological superconductivity in doped
topological insulators and motivate other studies in the field
of three-dimensional topological superconductors.
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