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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 pos-
sibility, we fabricated high critical-temperature (T. ~ 85 K) superconductor/topological insula-
tor (Bi2Sr2CaCuz0s+s/BizTesSe) 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.
I. 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'. There has been growing interest
in the excitations that occur at superconducting in-
terfaces, such as Andreev bound states and Majorana
fermions. Evidence of Majorana fermions was observed
in superconductor/topological insulator (TT) interfaces
and InSb nanowires. Andreev bound states have been
extensively studied and measured in superconducting
josephson junctions and at the {110} surface of d-wave
superconductors® 4. In fact, Andreev bound states that
emerge at the {110} surface of the cuprates are sig-
natures of the unconventional superconducting ground
state. Some recent theoretical proposals have suggested
that in a topological d-wave superconductor, these An-
dreev bound states would be converted into Majorana
Fermions'®. Furthermore a number of theoretical propos-
als have pointed out the utility of using high-T, cuprates
to induce novel superconducting states in topological
insulators'5~18.

More generally, the lifting of spin rotation symmetry
in the surface states of a TI, suggests the superconduct-
ing proximity effect will be quite unconventional in these
materials. Towards this goal, our group was the first to
demonstrate a high-T. proximity effect in the topolog-
ical insulators BisSes and BisTes, using our new tech-
nique of Mechanical Bonding!®. However, the Fermi
energy in the BisSes and BizTes was deep in the bulk

conduction band due to large defect concentrations, lim-
iting the ability to probe the surface states of the TI.
An alternative material, BisTesSe, is quite promising in
this regard as the defect concentrations are known to
be strongly suppressed. This has led to the observa-
tion of nearly insulating behaviour and strong suppres-
sion of bulk transport at low temperatures?® 22, We
have confirmed this in the BisTesSe crystals used in this
study via temperature dependent transport (Fig.S1 A).
Interestingly, differential conductance measurements in
some of our BisSroCaCuyOgis (Bi-2212)/BisTesSe de-
vices exhibit a zero-bias conductance peak (ZBCP) that
behaves quite differently from previous experimental ob-
servations and theoretical predictions (Fig.1A). Previous
theoretical and experimental studies of various ZBCPs:
Andreev bound states (ABS), coherent Andreev reflec-
tion (CAR), weak antilocalization (WAL), Andreev re-
flection, proximity effect, Kondo effect, magnetic im-
purities, and Majorana fermions have established that
the ZBCP should split in applied magnetic field, ap-
pear at T,, be broadened with temperature, and/or its
height depends strongly on the orientation of the applied
field?-10:15:23-25 " The ZBCP we observe in mechanically-
bonded BisSraCaCusOsys (Bi-2212)/BisTesSe devices
are suppressed at the same rate in different magnetic field
orientations(Fig. 2C), do not appear to broaden with ap-
plied fields or raised temperature(3), and are completely
suppressed by ~0.8T. (Fig. 1). Moreover, we can rule
out heating effects, since the ZBCP is observed in a wide
range of junction resistances (~ 0.1 — 1 kQ). Thus our
results are completely inconsistent with previous obser-
vations or theoretical explanations of a ZBCP, suggesting



a new effect emerging at the interface between a high-T,.
and a TI.

II. II. RESULTS AND DISCUSSION

Low temperature (~ 10 K) dI/dV spectrum of a Bi-
2212/BisTesSe device is shown in Fig. 1A. Two main fea-
tures are seen in this spectrum; a ZBCP, and an overall
V-shaped background. This is expected since our cleav-
ing method leaves BisTeySe atomically flat over much
smaller regions than Bi-2212.1° As such the overall device
contains mostly high-barrier junctions, with a few areas
in direct contact. Tunnelling from the much larger high-
barrier regions results in a V-shaped dI/dV, typical for
tunnelling into a d-wave superconductor. To confirm the
origin of this background, we use an extension of the BTK
theory for anisotropic superconductors, to calculate c-
axis normal material/d-wave superconductor tunnelling
conductance!®?6, The black line in Fig. 1A shows the
d-wave Superconductor (Sc)/Normal (N) conductance fit
(see supplemental). This Sc/N background was observed
in all Bi-2212/BisTesSe junctions (Fig. S1 D). Interest-
ingly, in some of the devices we observed a regular se-
ries of resonances in the conductance spectra originating
from McMillan-Rowell oscillations, though their appear-
ance was not correlated with the observation of the ZBCP
(Fig. 1A, Fig. S2 A)2?". Temperature dependence of
the differential conductance spectra of Bi-2212/BiyTesSe
device 1 (J1) is shown in Fig. 1B. For every tempera-
ture (T) shown, dI/dV(T') curves are normalized to the
normal-state conductance, taken at 110 K. As the tem-
perature is lowered below the T, of Bi-2212, we observe
the clear opening of the superconducting gap starting at
T.=85 K, consistent with our previous studies of high
barrier junctions between Bi-2212 and a variety of ma-
terials (GaAs, Graphite)!?:28 as well as other tunnelling
measurements®2% 35, The conductance at high-bias (and
the overall spectra) decreases continuously as the temper-
ature is lowered, partially due to the Bi;TesSe becoming
more resistive (Fig. S1 A). (see supplemental) 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. 1C). 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. 1D, 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®
and/or proximity effect'®. For instance, in our previous
work on BiySes'?, the conductance at zero bias increased
to twice the normal conductance right below T, in agree-
ment with theory'®. This factor of two is expected at

transparent interfaces, when the Andreev reflection hap-
pens 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/BisTesSe junction how-
ever, decreases with temperature continuously and the
ZBCP starts to develop at Tzpcp ~ 0.8T. (Fig. 1C,
Fig. S1 D). The emergence of the ZBCP well below T,
(Fig. S1 D) would also appear to eliminate another pos-
sible explanation. As discussed earlier, one can observe
an ABS by tunnelling into the AB-plane of the Bi-2212
({110} surface). However, previous studies have found

that these states will be observed at T, not well below
it 912

Variation of the dI/dV spectrum as a function of mag-
netic field can help us distinguish between other possi-
ble causes of this ZBCP. As discussed later, due to the
requirement of enclosed flux, then a ZBCP originating
from CAR or WAL must respond anisotropically to ap-
plied magnetic field. Furthermore, if the ZBCP origi-
nates from the Kondo effect or magnetic impurities, it
is expected to be split by the application of field. We
explore these possibilities in Fig. 2A&B, which show the
differential conductance of two Bi-2212/BisTe;Se devices
at 10K in magnetic fields applied perpendicular or par-
allel to the junction interface, respectively. The overall
conductance of the spectra decreases, while the conduc-
tance 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. 2C), in
contrast to the anisotropic response of the conductance
of BisTesSe (resulting from: weak antilocalization (per-
pendicular field) versus Zeeman shifting of the Dirac cone
(parallel field)) (Fig. S1 B) (see Appendix). For fields
less than ~ 2 T, the ZBCP height decreases identically for
parallel and perpendicular applied field directions, differ-
ent devices, and temperatures. Furthermore, we do not
see splitting/broadening of the ZBCP (see Fig. 3 A &
B), unlike experiments involving ABSs, Kondo effect, or
impurities, where a splitting® or a broadening and shift-
ing of the ZBCP away from zero is observed®2437. In
contrast to these experiments, the isotropic suppression
of the ZBCP in our data may occur due to the supercon-
ducting nodes becoming larger. Furthermore, the ZBCP
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, proximity effect,
and ABS as a cause of this peak. Indeed, magnetic fields
generate a screening supercurrent resulting in the shift-
ing of the energy of the quasiparticles. This shift is pro-
portional to the dot product of the fermi velocity of the
incoming electrons (vg) and the supercurrent momen-
tum (ps): AE = vp.ps?®. This so-called “Doppler ef-



fect”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 95% de-
crease in the magnitude of the Andreev peak at zero bias
in 3T (for 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. 3C). Furthermore, while
applying magnetic field parallel to the interface creates
a shift in the energy of quasiparticles, applying perpen-
dicular magnetic field leads to both negative and pos-
itive components of energy shift that average to zero.
Therefore, we expect highly anisotropic dependence of
the Doppler effect to magnetic field, as previously ob-
served in superconducting proximity devices®®, but not
in our data. For larger g-factors or perpendicular field
direction this rate only increases, which further confirms
that the ZBCP in our Bi-2212/BisTesSe junctions is not
originating from a simple Andreev reflection. The screen-
ing supercurrents have the same effect on ABS. Previous
studies have shown that the Doppler effect will cause a
suppression of the ABS that is much slower than what
we observe in our data and also is highly anisotropic®3!.
Therefore the isotropic response of the ZBCP eliminates
the possibility that we are tunnelling into the AB-plane
of the Bi-2212.

As mentioned earlier Coherent Andreev reflection (re-
flectionless tunnelling) should also respond to magnetic
field anisotropically. CAR results from the constructive
interference of multiple scattering events between impuri-
ties and the N/Sc interface, and leads to the enhancement
of Andreev reflection?®3°. However the application of a
voltage or magnetic field results in a phase shift diminish-
ing 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 de-
scribed in the supplemental, from the V* measured (5.25
meV), we estimate a B* of 0.4 T, well bellow the field at
which the ZBCP is observed to survive (> 8.5 T). Thus
we conclude the ZBCP observed between Bi-2212 and
BisTesSe can not 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 tunnelling. Indeed, per-
pendicular magnetic field results in an enclosed flux in
the plane of the TI surface states, but parallel field do
not. So we expect to see much faster suppression of the
ZBCP in perpendicular magnetic field direction than par-
allel. The same argument rules out weak antilocalization
as a source of our zero-bias peak.

One might argue that if CAR was happening in three
dimensions in the bulk BisTe;Se 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 v¢?> = E;/m, we obtain (see sup-
plemental):

B*
(0 _ M) \, Tmus) \, T®us)

) (1)

Biamy MR Tme  Teg

where 74 and 7, are the phase-coherence time and mo-
mentum relaxation time respectively. Numerous studies
have shown the 74 and 7, to be isotropic in the c-axis
and AB-plane of BisSes?®*!. 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—agis)/M(AB—plane) ~ 2-
8)40. Thus, the cut-off field is expected to be highly
anisotropic in the perpendicular and parallel field direc-
tions (Be(,_uuin)/Bean—pianey ~ 2 —8). This is incon-
sistent with the isotropic dependence of the ZBCP in
response to magnetic field, observed in our data (Fig.
2C). 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®?*. 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 pV splitting).
In Fig. 3B, we compare high-resolution (300 V) dI/dV
scans taken at 0 T and 8.5 T for junction 2 (obtained by
thermal cycling of junction 1), which clearly shows 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.*?
These zero-bias states are inconsistent with our data as
well. Majorana fermions can also create a ZBCP. How-
ever, no theoretical studies exist for our exact configu-
ration, though the closest work suggests they too should
respond anisotropically'®.

III. III. CONCLUSION

In summary, we have observed a zero-bias conductance
peak appearing in multiple Bi-2212/BisTesSe junctions
at temperatures below ~ 0.87,. 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 0.8 T, rules out Andreev reflection, proximity ef-
fect, and ABS. Moreover, ABS, CAR, WAL, Kondo ef-
fect, and magnetic impurities should be strongly sensitive
to the orientation of the applied field and/or should re-
sult 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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Magnitude of the ZBCP O

FIG. 1. (color online) (A) Normalized differential conductance measurement of Bi-2212/BisTezSe device 1 (J1), divided by
the normal-state conductance. The black line shows the theoretical calculation for high-barrier d-wave superconductor/Normal
The fitting parameters for J1 are A = 40mV, I' = 0.2(A), and Z = 0.8.
Differential conductance characteristics of J1 divided by the normal-state conductance (110K) at different temperatures. (C)
The temperature dependence of the ZBCP magnitude, normalized to its 10 K value, for the Bi-2212/Bi>TezSe junctions 1
and 3, and a Bi-2212/BisSes proximity device. (D) The half width of the ZBCP in Bi-2212/Bi;TesSe junctions 1 and 3, as a
function of temperature, measured by finding the minimum of conductance at the positive voltage side and negative voltage

tunnelling conductance for this device.
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FIG. 2. (color online) (A) Normalized differential conductance characteristics of J1, at various magnetic fields applied perpen-
dicular 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/BizTe2Se junctions versus 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 different Bi-2212/Bi>TezSe 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 V) differential conductance measurement of J2 at 10K normalized by normal-state conductance (110K) for 0 and 8.5 T
applied perpendicular to the junction. The inset shows the dI/dV of junction 1 at 6K at various perpendicular applied magnetic
fields up to 8 T. (C) The magnitude of the ZBCP in Bi-2212/BisTesSe junction 1 at 6K as a function of parallel magnetic
field, compared with the calculation of the Doppler effect suppression of a ZBCP.



V. IV. APPENDIX

a. Materials and methods. The Bi-2212/BisTesSe
junctions were fabricated by the mechanical-bonding
method in a dry Nitrogen glove box'. The Bi-2212
was cleaved using adhesive tape resulting in atomically
smooth surfaces of Bi-2212 (see Fig. 1 C in reference!?).
The BiyTesSe was cleaved using double-sided tape and
glass slides (Fig. 1 D in'?). The cleaved BiyTesSe was
transferred to a copper sample holder by placing the
cleaved BisTesSe on the copper with a double-sided tape
on it, and lifting off after applying a slight pressure.
The cleaved Bi-2212 was placed on top of the cleaved
BisTesSe, and GE varnish was applied to the four cor-
ners of the Bi-2212 (Fig. 1 E in'?). After the GE varnish
was dried, contacts were made on the Bi-2212 and the
BiyTepSe using Ag epoxy and Cu wires (Fig. 1 F in!?).

Four-point transport measurements were performed in
a liquid-He flow cryostat at various temperatures rang-
ing from 290 K to 10 K and in magnetic fields up to
8.5 T. DC voltage from a power supply (BK Precision
1787B) and AC voltage from a lock-in amplifier (Stan-
ford Research Systems SR810) were added together using
a custom-built transformer-based adder, and applied to
the Bi-2212/BiyTesSe junction. The resulting DC cur-
rent and voltage were measured using DC multimeters
(Hewlett Packard 3457A and Agilent 34401A). The dif-
ferential conductance (dI/dV) was deduced by measuring
the AC current and voltage using two lock-in amplifiers
(SR810). (see Fig. 1 G in'?) Magnetic fields up to 8.5
T were applied parallel and perpendicular to the sample
using a closed cycle superconducting magnet from Amer-
ican Magnetics Inc.

In order to confirm the dI/dV results only originate
from the junction, for every device we checked different
sets of contacts as well as different combinations of those
contacts. Parasitic effects were also eliminated by ensur-
ing the absence of hysteresis, namely data is measured
multiple times at the same field /temperature/voltage but
by varying the approach (i.e. starting at positive versus
negative voltage, warming to a temperature instead of
cooling and measuring the same field after sweeping the
field up versus down). In all cases the resulting dI/dV
were highly reproducible, especially the behaviour of the
ZBCP. This ZBCP was observed in two different Bi-
2212/BisTesSe devices measured 10 months apart using
different cryostat wiring configurations, sample holders
and with normal state junction resistances nearly an or-
der of magnitude apart (and several junctions obtained
by thermal cycling of these two devices).

We performed four-point resistance measurements on
the BisTesSe as a function of temperature, which con-
firms the insulating nature of our BisTesSe crystal. In
Fig. 4A we plot the temperature dependence of the re-
sistance of the BisTe;Se divided by its value at 193 K.
We observe about a factor of 23 increase in the resistance
of BiyTeySe while cooling to 10K, consistent with previ-
ous experiments??. The saturation of the resistance at

low temperatures is an indication of a metallic channel
(surface states) in parallel with the insulating bulk as has
been confirmed by STM, ARPES, optics, and Shubnikov-
de Haas measurements20 2243,

b. Bi-2212/Bis Tey Se junctions with no ZBCP. To
further confirm that the ZBCP we are measuring in
Bi-2212/BisTesSe devices 1 and 2 is not an artifact
of our setup, here we present data on a typical Bi-
2212/BiyTesSe junction without any zero-bias peak. In
these junctions, we only observe the d-wave background
coming from high-barrier Sc/N tunnelling between the
Bi-2212 and the BisTesSe. Fig. 4C shows the dI/dV
spectrum of one of the Bi-2212/BisTesSe junctions with
no ZBCP at 7.5K, normalized by the normal-state con-
ductance (110K). The resistance of the junction is the
same order of magnitude as device 1 (~ 1K), which
eliminates heating effects as a source of the observed
ZBCP. This is a typical Sc/N spectrum for tunnelling
into the c-axis of the cuprates?31-3%,

c. Geometrical resonances. Besides the d-wave
Sc/N tunnelling background, we also observe some res-
onance dips in the dI/dV spectrum of Fig. 4C. These
resonances were observed in Bi-2212/BisTesSe junctions
with and without a ZBCP (Fig. 1 A, Fig. 5A), which
shows that the origin of these dips are unrelated to the
ZBCP. These resonances shift towards zero energy by ap-
plication of magnetic field (Fig. 2 A & B). The shifting
rate of these resonances depends on their voltage posi-
tion and increases for the dips closer to zero voltage. We
picked two dips in junction 1 and junction 3 , one at 35
mV and one at 40 mV and tracked their voltage position
as a function of perpendicular and parallel magnetic field
(Fig. 5C & D). We find that the dips move faster toward
zero voltage in perpendicular magnetic field than paral-
lel, while the suppression rate of the ZBCP was similar
in both field directions.

Conductance dips are a common observation in trans-
port and tunnelling measurements. Geometrical reso-
nances (Tomasch and McMillan-Rowell oscillations) in
Sc/N junctions can lead to a series of dips in the dy-
namic conductance spectra?’44. The voltage positions
of the dips can give us some information about the
type of oscillation in the junction. Tomasch oscilla-
tions are due to resonances in the superconductor and
create resonance dips in dI/dV at voltages given by:

eV, = \/(QA)2 + (%)Q, with A being the supercon-

d
ducting energy gap, vys being the Fermi velocity in the
superconductor, dg being the thickness of the supercon-
ductor, and n being the dip number). McMillan-Rowell
oscillations occur due to geometrical resonances in the
normal material and the dip voltages are linear with n

(AV = Zi}éﬁ» with vyn being the Fermi velocity in the
normal material and dy being the thickness of the nor-
mal layer at which the reflections occur). Analyzing the
voltages at which the dips in our conductance spectra
occur (junction 1), we find that the V,s are linear with

n within our experimental error (Fig. 5B). This shows




that the geometrical resonances are happening inside the
normal material. We note that such resonances in the
normal material require Andreev tunnelling at the Sc/N
interface. The origin of these resonances is not clear,
and they can be coming from resonances in the barrier
layer or due to the Andreev reflection happening in the
BiyTesSe between an induced superconducting and step-
like normal regions.

d. D-wave Superconductor/Normal tunnelling model.
We model the background in our dI/dV data using the
extension of BTK theory introduced by Kashiwaya et al.,
to calculate c-axis normal material /d-wave superconduc-
tor tunnelling conductance!?2, The differential conduc-
tance below T, divided by the normal-state conductance
is given by the half-sphere integration over solid angle €2:

QE) = J dQoncosOnor(E)
[ dQoncosOn

(2)

where E is the quasiparticle energy and 6 is the inci-
dence angle (relative to the interface normal) in the nor-
mal material, o is the conductance due to tunnelling in
the normal state with the same geometry, and

_ l+on|k P+ (on — D]k_ki]?
1+ (on — 1)|k—ky[Pexp(ip— —idy)
where ky = EoyIPT-IAg] ‘lijl_mil and Ax = |Ai|exp(ids),

electron-like and hole-like quasiparticle effective pair po-

tentials with the corresponding phases ¢ .

In the case of c-axis tunnelling, the hole-like and the
electron-like quasiparticles transmitted into the super-
conductor experience the same effective pair potentials,
which have similar dependence on the azimuthal angle
a in the AB-plane Ay = A_ = Agcos(2a). The cal-
culated spectra in this scattering model with the barrier
strength (Z), scattering-induced energy broadening (I'),
and the superconducting gap (A) used as fit parameters,
show good agreement with the experimental conductance
measurements (Fig. 1 A).

e. Coherent Andreev reflection. The application of
a voltage or magnetic field results in a phase shift dimin-
ishing the constructive interference that produces CAR.
Ultimately this results in a reduction in the enhance-
ment of conductance. Specifically, we expect a total
phase shift of A® =2V L/hvy +4nBA/®(, where A is
the area enclosed between the superconductor and the
path of the scattering quasiparticles, L is length of the
scattering path, vy is the fermi velocity, ®¢ is the mag-
netic flux quantum, B is the applied magnetic field and V'
is the applied voltage.?® Thus the probability of Andreev
reflection is maximum when B and V are zero. When
the applied B and V increase, this phase shift naturally
leads to a cutoff voltage (V*) and a cutoff magnetic field
(B*). The V* and B* at which the peak disappears
are related to the coherence length (lg), Fermi veloc-
ity (vy) and mean free path (l.) of the normal material

3)

OR
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(V* = (h/2) ve’;é: and B* = %) Using the equation
for the cutoff voltage and the value of V* in our ZBCP
(V* = 5.25 mV'), we can estimate the coherence length
in the normal material (lg ~ 100nm). From the ob-
tained coherence length, we find B, for our junctions to
be ~ 0.4T. Our ZBCP survives to fields an order of mag-
nitude higher than B, which shows that reflectionless
tunnelling cannot be the origin of our ZBCP. Moreover
the fact that our ZBCP is reduced at the same rate for
perpendicular and parallel fields further confirms that
this peak is not coming from reflectionless tunnelling.
Indeed, perpendicular magnetic field results in enclosed
flux in the plane of TI surface states, but parallel field
does not. So we expect to see much faster suppression of
the ZBCP in perpendicular magnetic field direction than
parallel.

One might argue that if CAR was happening in
three dimensions in the bulk BisTesSe rather than
the two-dimensional surface states, isotropic suppres-
sion of the ZBCP might be observed. However, due to
the anisotropic nature of BisTesSe, one can show that
the CAR response to magnetic field should be highly
anisotropic. To understand this, we examine the relation-
ship between the cut-off field and the coherence-length
in detail. Specifically, CAR requires the material to be
in the diffusive limit, 74 > 7,,,, where 74 and 7, are the
phase-coherence time and momentum relaxation time re-
spectively. Comparing the cut-off field in the c-axis and
the AB-plane, we obtain

2
BEkC) o vf(AB) Toap) Tm(ap) (4)
- 2
B(ag) VSiey To(e) Tmey

The fermi velocity in the bulk parabolic band can be
related to the fermi energy and effective mass (vy? =
E;/m). Therefore,

Ekc) :( M(c) )(Tm(AB)

—any ()
M(AB)

Td ()

*

C(AB) Tm (e

Let us consider these various contributions. Numer-
ous studies have shown the 74 and 7, to be isotropic
in the c-axis and AB-plane of BiySe3*®*!. Further-
more, 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—awis)/M(AB—plane) ~ 2-8)40.  The BiyTesSe we
use in this study has a very low-carrier concentration,
implying this ratio must be close to 8 in our sam-
ples. Thus, the cut-off field is expected to be highly
anisotropic in the perpendicular and parallel field direc-
tions (BC(cfams)/chprzanE) ~ 2 — 8). This is inconsis-
tent with the isotropic dependence of the ZBCP in re-
sponse to magnetic field, observed in our data (Fig. 2

Q).
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FIG. 4. (color online) (A) Four-point resistance of BizTezSe normalized to high temperature (193K). The 23 times increase of
the resistance while cooling indicates insulating behaviour of the bulk BizTesSe. (B) 4-point conductance measurement of the
BiyTeszSe as a function of perpendicular and parallel magnetic field. The conductances are normalized to 0T for clarity. (C)
Differential conductance of Bi-2212/BizTesSe junction 1 and a Bi-2212/BizSes proximity junction at zero field as a function of
temperature, normalized by the normal-state conductance. (D) A zoomed-in plot of the ZBCP at temperatures close to T..
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FIG. 5. (color online) (A) Normalized differential conductance of a Bi-2212/BisTesSe junction without any ZBCP. Arrows
show McMillan-Rowell resonances. (B) The nth peak voltage V,, versus n for the Bi-2212/BisTesSe junction 1. (C) Voltage
of the resonances at 40 mV versus parallel and perpendicular magnetic field. (D) Voltage of the resonances at 35 mV versus
parallel and perpendicular magnetic field.



