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High-temperature superconductors exhibit a wide variety of novel excitations. If contacted with a topological
insulator, the lifting of spin rotation symmetry in the surface states can lead to the emergence of unconventional
superconductivity and novel particles. In pursuit of this possibility, we fabricated high critical-temperature
(Tc ∼ 85 K) superconductor/topological insulator (Bi2Sr2CaCu2O8+δ/Bi2Te2Se) junctions. Below 75 K, a zero-
bias conductance peak (ZBCP) emerges in the differential conductance spectra of this junction. The magnitude
of the ZBCP is suppressed at the same rate for magnetic fields applied parallel or perpendicular to the junction.
Furthermore, it can still be observed and does not split up to at least 8.5 T. The temperature and magnetic field
dependence of the excitation we observe appears to fall outside the known paradigms for a ZBCP.
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I. INTRODUCTION

The observation of new excitations is central to our un-
derstanding of numerous physical phenomena from the Higgs
boson, the missing part of the standard model, to the Cooper
pair and the collective phenomenon of superconductivity [1].
There has been growing interest in the excitations that occur
at superconducting interfaces, such as Andreev bound states
and Majorana fermions. Evidence of Majorana fermions was
observed in superconductor/topological insulator (TI) inter-
faces and InSb nanowires [2–8]. Andreev bound states have
been extensively studied and measured in superconducting
Josephson junctions and at the {110} surface of d-wave
superconductors [9–14]. In fact, Andreev bound states that
emerge at the {110} surface of the cuprates are signatures of
the unconventional superconducting ground state. Some recent
theoretical proposals have suggested that in a topological
d-wave superconductor, these Andreev bound states would be
converted into Majorana fermions [15]. Furthermore, a number
of theoretical proposals have pointed out the utility of using
high-Tc cuprates to induce novel superconducting states in
topological insulators [15–18].

More generally, the lifting of spin rotation symmetry in
the surface states of a TI suggests that the superconducting
proximity effect will be quite unconventional in these mate-
rials. Towards this goal, our group demonstrated a high-Tc

proximity effect in the topological insulators Bi2Se3 and
Bi2Te3, using our new technique of mechanical bonding
[19]. However, the Fermi energy in the Bi2Se3 and Bi2Te3

was deep in the bulk conduction band due to large defect
concentrations, limiting the ability to probe the surface states
of the TI. An alternative material, Bi2Te2Se, is quite promising
in this regard as the defect concentrations are known to be
strongly suppressed. This has led to the observation of nearly
insulating behavior and strong suppression of bulk transport
at low temperatures [20–23]. We have confirmed this in the

Bi2Te2Se crystals used in this study via temperature dependent
transport [see Fig. S1(A) in the Supplemental Material [24]].
Interestingly, differential conductance measurements in some
of our Bi2Sr2CaCu2O8+δ (Bi-2212)/Bi2Te2Se devices exhibit a
zero-bias conductance peak (ZBCP) that behaves quite differ-
ently from previous experimental observations and theoretical
predictions [Fig. 1(a)]. Previous theoretical and experimental
studies of various ZBCPs—Andreev bound states (ABSs),
coherent Andreev reflection (CAR), weak antilocalization
(WAL), Andreev reflection, the proximity effect, the Kondo
effect, magnetic impurities, and Majorana fermions—have
established that the ZBCP should split in applied magnetic
fields, appear at Tc, be broadened with temperature, and/or
its height depends strongly on the orientation of the applied
field [9,10,15,25–27]. The ZBCP we observe in mechanically
bonded Bi2Sr2CaCu2O8+δ (Bi-2212)/Bi2Te2Se devices are
suppressed at the same rate in different magnetic field
orientations [Fig. 2(c)] do not appear to broaden with applied
fields or raised temperature [Figs. 2(d) and 3(a)], and are
completely suppressed by ∼0.8Tc (Fig. 1). Moreover, we can
rule out heating effects, since the ZBCP is observed in a
wide range of junction resistances (∼0.1 → 1 k�). Thus our
results are completely inconsistent with previous observations
or theoretical explanations of a ZBCP, suggesting a new effect
emerging at the interface between a high Tc and a TI.

II. RESULTS AND DISCUSSION

A low-temperature (∼10 K) dI/dV spectrum of a Bi-
2212/Bi2Te2Se device is shown in Fig. 1(a). Two main features
are seen in this spectrum: a ZBCP, and an overall V-shaped
background. This is expected since our cleaving method leaves
Bi2Te2Se atomically flat over much smaller regions than
Bi-2212 [19]. As such, the overall device contains mostly high-
barrier junctions, with a few areas in direct contact. Tunneling
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FIG. 1. (Color online) (a) Normalized differential conductance
measurement of Bi-2212/Bi2Te2Se device 1 (J1), divided by the
normal-state conductance. The black line shows the theoretical
calculation for high-barrier d-wave superconductor/normal tunneling
conductance for this device. The fitting parameters for J1 are
� = 40 mV, � = 0.2(�), and Z = 0.8. (b) Differential conduc-
tance characteristics of J1 divided by the normal-state conductance
(110 K) at different temperatures. (c) The temperature dependence
of the ZBCP magnitude, normalized to its 10 K value, for the
Bi-2212/Bi2Te2Se junctions 1 and 3, and a Bi-2212/Bi2Se3 proximity
device. (d) The half width of the ZBCP in Bi-2212/Bi2Te2Se junctions
1 and 3, as a function of temperature, measured by finding the
minimum of conductance at the positive voltage side and negative
voltage side separately (small circles). The big circles show the
average of the positive and negative minima.

from the much larger high-barrier regions results in a V-shaped
dI/dV , typical for tunneling into a d-wave superconductor. To
confirm the origin of this background, we use an extension of
the Blonder-Tinkham-Klapwijk (BTK) theory for anisotropic
superconductors to calculate c-axis normal material/d-wave
superconductor tunneling conductance [10,28]. The black line

in Fig. 1(a) shows the d-wave superconductor (Sc)/normal
(N) conductance fit (see the Supplemental Material [24]).
This Sc/N background was observed in all Bi-2212/Bi2Te2Se
junctions [see Fig. S1(D) in the Supplemental Material [24]].
Interestingly, in some of the devices we observed a regular
series of resonances in the conductance spectra originating
from McMillan-Rowell oscillations, though their appearance
was not correlated with the observation of the ZBCP [Figs. 1(a)
and Fig. S2(A) [24,29]]. The temperature dependence of the
differential conductance spectra of Bi-2212/Bi2Te2Se device
1 (J1) is shown in Fig. 1(b). For every temperature (T )
shown, dI/dV (T ) curves are normalized to the normal-state
conductance, taken at 110 K. As the temperature is lowered
below the Tc of Bi-2212, we observe the clear opening of the
superconducting gap starting at Tc = 85 K, consistent with our
previous studies of high-barrier junctions between Bi-2212
and a variety of materials (GaAs, graphite) [19,30] as well
as other tunneling measurements [9,31–37]. The conductance
at high bias (and the overall spectra) decreases continuously
as the temperature is lowered, partially due to the Bi2Te2Se
becoming more resistive [see Fig. S1(A) in the Supplemental
Material [24]]. To remove any temperature dependence of the
spectra not due to the ZBCP, we measured the strength of the
ZBCP by taking the difference between the normalized dI/dV

at zero bias and its minimum value (the cutoff voltage of the
zero-bias peak). The amplitude decays in a manner similar to
the closing of an order parameter [see Fig. 1(c)]. To look for
thermal broadening, we measured the width as the average of
the positive and negative voltages of the conductance minima.
As can be seen in Fig. 1(d), the ZBCP does not decohere
as the temperature increases, but stays constant within our
experimental error.

This temperature dependence is inconsistent with ZBCPs
emerging from a standard Andreev reflection [38] and/or
proximity effect [10]. For instance, in our previous work on
Bi2Se3 [19], the conductance at zero bias increased to twice the
normal conductance right below Tc, in agreement with theory
[10]. This factor of 2 is expected at transparent interfaces,

FIG. 2. (Color online) (a) Normalized differential conductance characteristics of J1, at various magnetic fields, applied perpendicular to the
junction. Top: Geometry of the junction and the direction of the field. (b) Normalized differential conductance characteristics of J3, at various
magnetic fields, applied parallel to the junction. (c) Magnitude of the ZBCP for different Bi-2212/Bi2Te2Se junctions vs magnetic field. For
clarity, conductances at different fields are divided by the conductance at zero field. The black lines are a guide to the eye.
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FIG. 3. (Color online) (a) The half width of the ZBCP in dif-
ferent Bi-2212/Bi2Te2Se junctions, as a function of magnetic field,
measured by averaging the minimum of conductance at the positive
voltage side and negative voltage side. (b) High-resolution (300 μV)
differential conductance measurement of J2 at 10 K normalized
by normal-state conductance (110 K) for 0 and 8.5 T applied
perpendicular to the junction. The inset shows the dI/dV of junction
1 at 6 K at various perpendicular applied magnetic fields up to 8 T.
(c) The magnitude of the ZBCP in Bi-2212/Bi2Te2Se junction 1 at 6 K
as a function of parallel magnetic field, compared with the calculation
of the Doppler effect suppression of a ZBCP.

when the Andreev reflection happens at the interface, since the
incoming electron forms a Cooper pair and thus two electrons
cross the interface, resulting in a doubling of conductance.
However, in less transparent interfaces, the conductance at
zero bias is the first to be reduced and the shape is significantly
altered. The conductance of the Bi-2212/Bi2Te2Se junction,
however, decreases continuously with temperature and the
ZBCP starts to develop at TZBCP ∼ 0.8Tc [see Figs. 1(c) and
Fig. S1(D) in the Supplemental Material [24]]. The emergence
of the ZBCP well below Tc [Fig. S1(D) [24]] would also appear
to eliminate another possible explanation. As discussed earlier,
one can observe an ABS by tunneling into the AB plane of
the Bi-2212 ({110} surface). However, previous studies have
found that these states will be observed at Tc, not well below
it [9,12].

The variation of the dI/dV spectrum as a function of
magnetic field can help us distinguish between other possible
causes of this ZBCP. As discussed later, due to the requirement
of an enclosed flux, then a ZBCP originating from CAR
or WAL must respond anisotropically to applied magnetic
fields. Furthermore, if the ZBCP originates from the Kondo
effect or magnetic impurities, it is expected to be split by
the application of fields. We explore these possibilities in
Figs. 2(a) and 2(b), which show the differential conductance
of two Bi-2212/Bi2Te2Se devices at 10 K in magnetic fields
applied perpendicular or parallel to the junction interface,
respectively. The overall conductance of the spectra decreases,
while the conductance at zero bias is suppressed at a faster
rate. The height of the ZBCP goes down identically in parallel
and perpendicular applied magnetic fields [see Fig. 2(c)], in
contrast to the anisotropic response of the conductance of
Bi2Te2Se [resulting from weak antilocalization (perpendicular
field) versus Zeeman shifting of the Dirac cone (parallel
field)] [Fig. S1(B) [24]] (see the Appendix). For fields less
than ∼2 T, the ZBCP height decreases identically for parallel
and perpendicular applied field directions, different devices,
and temperatures. Furthermore, we do not see splitting or
broadening of the ZBCP [see Figs. 3(a) and 3(b)], unlike
experiments involving ABSs, the Kondo effect, or impurities,
where a splitting [9] or a broadening and shifting of the
ZBCP away from zero is observed [9,26,39]. In contrast to
these experiments, the isotropic suppression of the ZBCP
in our data may occur due to the superconducting nodes
becoming larger. Furthermore, the ZBCPs of various devices
all behave the same way, with the only difference being in the
crossover field between low and high field slopes. The origin
of the crossover is not clear at this time and requires further
study.

The magnetic field dependence of our ZBCP further rules
out standard Andreev reflection, the proximity effect, and
ABSs as a cause of this peak. Indeed, magnetic fields generate
a screening supercurrent resulting in the shifting of the energy
of the quasiparticles. This shift is proportional to the dot
product of the Fermi velocity of the incoming electrons (vF )
and the supercurrent momentum (pS): �E = vF · pS [27].
This so-called “Doppler effect” leads to the reduction of the
Andreev peak both in height and width. Specifically, applying
the magnetic field parallel to the interface should result in a
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95% decrease in the magnitude of the Andreev peak at zero
bias in 3 T (for a g factor of 2 in the normal material). This
decay rate is much higher than the measured decay rate of the
ZBCP in our data [Fig. 3(c)]. Furthermore, while applying a
magnetic field parallel to the interface creates a shift in the
energy of quasiparticles, applying a perpendicular magnetic
field leads to both negative and positive components of the
energy shift that average to zero. Therefore, we expect a
highly anisotropic dependence of the Doppler effect to the
magnetic field, as previously observed in superconducting
proximity devices [40], but not in our data. For larger g factors
or a perpendicular field direction this rate only increases,
which further confirms that the ZBCP in our Bi-2212/Bi2Te2Se
junctions is not originating from a simple Andreev reflection.
The screening supercurrents have the same effect on ABSs.
Previous studies have shown that the Doppler effect will cause
a suppression of the ABSs that is much slower than what
we observe in our data and also is highly anisotropic [9,33].
Therefore, the isotropic response of the ZBCP eliminates the
possibility that we are tunneling into the AB plane of the
Bi-2212.

As mentioned earlier, coherent Andreev reflection (re-
flectionless tunneling) should also respond to magnetic field
anisotropically. CAR results from the constructive interference
of multiple scattering events between impurities and the
N/Sc interface, and leads to the enhancement of Andreev
reflection [25,41]. However, the application of a voltage
or magnetic field results in a phase shift diminishing the
constructive interference, ultimately leading to a reduction
in the enhancement. When the applied B and V increase,
this phase shift naturally leads to a cutoff voltage (V ∗) and a
cutoff magnetic field (B∗). As described in the Supplemental
Material [24], from the V ∗ measured (5.25 meV), we estimate
a B∗ of 0.4 T, well below the field at which the ZBCP is
observed to survive (>8.5 T). Thus we conclude that the
ZBCP observed between Bi-2212 and Bi2Te2Se cannot be due
to CAR. Moreover, the fact that our ZBCP is reduced at the
same rate for perpendicular and parallel fields further confirms
that this peak does not originate from reflectionless tunneling.
Indeed, a perpendicular magnetic field results in an enclosed
flux in the plane of the TI surface states, but parallel fields
do not. So we expect to see much faster suppression of the
ZBCP in the perpendicular magnetic field direction than in the
parallel. The same argument rules out weak antilocalization as
a source of our zero-bias peak.

One might argue that if CAR was occurring in three dimen-
sions in the bulk Bi2Te2Se rather than the two-dimensional
surface states, isotropic suppression of the ZBCP might be
observed. However, let us consider the relationship between
the cutoff field and effective mass. Specifically assuming
v2

F = EF/m, we obtain (see the Supplemental Material [24])

B∗
(c)

B∗
c(AB)

=
(

m(c)

m(AB)

)(
τm(AB)

τm(c)

)(
τ�(AB)

τ�(c)

)
, (1)

where τφ and τm are the phase-coherence time and momentum
relaxation time, respectively. Numerous studies have shown
the τφ and τm to be isotropic in the c axis and AB plane of
Bi2Se3 [42,43]. Furthermore, optics and quantum oscillation
measurements have shown that the effective mass ratio

between the c axis and the AB plane varies with carrier
density (m(c axis)/m(AB plane) ∼ 2–8) [42]. Thus, the cutoff field
is expected to be highly anisotropic in the perpendicular
and parallel field directions (Bc(c axis)/Bc(AB plane) ∼ 2–8). This is
inconsistent with the isotropic dependence of the ZBCP in
response to magnetic field, observed in our data [Fig. 2(c)].
We note that disorder in the junction could reduce the AB-plane
scattering time, leading to a change in the predicted anisotropy
due to CAR. However, this would need to perfectly cancel the
anisotropy of the effective mass, which seems unlikely to occur
perfectly in multiple junctions, as observed here.

We now turn to the possibility of impurities or the Kondo
effect [9,26]. ZBCPs originating from either effects are
expected to Zeeman split [assuming a g factor of 2, by 8.5 T
we would see (at least) a 980 μV splitting]. In Fig. 3(b),
we compare high-resolution (300 μV) dI/dV scans taken
at 0 and 8.5 T for junction 2 (obtained by thermal cycling
of junction 1), which clearly show that the ZBCP does not
split. Shiba states typically arise as finite-bias peaks at zero
magnetic field. These states are ABSs emerging as a result
of the exchange coupling between impurity states and the
superconductor. They move and merge to zero bias in parallel
magnetic fields [44]. These zero-bias states are inconsistent
with our data as well. Majorana fermions can also create a
ZBCP. However, no theoretical studies exist for our exact
configuration, though the closest work suggests they too should
respond anisotropically [15].

III. CONCLUSION

In summary, we have observed a zero-bias conductance
peak appearing in multiple Bi-2212/Bi2Te2Se junctions at
temperatures below ∼0.8Tc of Bi-2212. A careful study of
the temperature and magnetic field dependence of this ZBCP
demonstrates that it is inconsistent with the known effects that
can create a ZBCP. Specifically the continuous suppression
of the zero-bias conductance below 0.8Tc rules out Andreev
reflection, the proximity effect, and ABSs. Moreover, ABSs,
CAR, WAL, the Kondo effect, and magnetic impurities should
be strongly sensitive to the orientation of the applied field
and/or should result in a splitting of the peak. However, none
of the above effects were observed. Further studies are needed
to shed light on the origin of this zero-bias anomaly.
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