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Nontrivial topological superconductivity has received enormous attention due to its potential applications in
topological quantum computing. The intrinsic issue concerning the correlation between a topological insulator
and a superconductor is, however, still widely open. Here, we systemically report an emergent superconductivity
in a cross junction composed of a magnetic topological insulator MnBi, Te, and a conventional superconductor
NbSe,. Remarkably, the interface indicates the existence of a reduced superconductivity at the surface of
NbSe, and a proximity-effect-induced superconductivity at the surface of MnBi, Te,. Furthermore, the in-plane
angular-dependent magnetoresistance measurements unveil distinctive features indicative of unconventional
pairing symmetry in these superconducting gaps. Our findings extend our views and ideas of topological
superconductivity in the superconducting heterostructures with time-reversal symmetry breaking, offering an
exciting opportunity to elucidate the cooperative effects on the surface state of a topological insulator aligning a

superconductor.
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Topological superconductors (TSCs), which can host
Majorana quasiparticles [1,2], are generally considered as a
promising path to obey non-Abelian statistics and encode and
manipulate quantum information in a topologically protected
manner [3,4]. Commonly, the superconductivity gap symme-
try of TSC behaves in a nontrivial topological nature, and the
pair potential of Cooper pairs exhibits an anisotropic orbital
symmetry, such as a chiral p-wave superconductivity [5]. Up
to now, the most persuasive way to achieve TSC is through
the conventional s-superconductor proximate to a topological
insulator (TI) [6-12]. Due to the inevitable degradation of
superconducting wave function into the TIs in the presence
of the interfacial electronic states [13—16], interface control
is challenging for topological superconducting heterostructure
engineering.

Recently, the van der Waals magnet MnBi,Te, (MBT)
has attracted great attention owing to the existence of the
long-range magnetic order in the nontrivial topological phase
[17-21]. MBT crystallizes alternatively stacking, topological
insulating Bi, Tes layers and metallic MnTe layers. As a con-
sequence, the bulk MBT behaves as a Weyl semimetal [20].
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In addition, MBT is an A-type antiferromagnet (AFM) in
which the Mn?* ions are ferromagnetically ordered within
a single layer (SL) while antiferromagnetically coupled be-
tween layers when the temperature is lower than the Neél
temperature. Therefore, of particular interest is that when the
topological MBT flake with time-reversal symmetry breaking
is proximate to a conventional superconductor (SC), the het-
erointerface will provide an ideal path to understanding the
emergence of rich topological superconducting phenomena.
Historically, it has been proposed in theory that a het-
erostructure comprised of MBT and a conventional s-wave SC
probably induces a TSC associated with chiral Majorana edge
modes. In experiments, the superconducting thin films of NbN
have been grown on MBT [22,23], and a proximity-effect-
induced superconductivity gap of about 0.1 meV has been
observed. More interestingly, a clear Coulomb blockade os-
cillation has been perceived. Nevertheless, the understanding
of the surface state of MBT in proximity to a superconductor
remains a complex and challenging area of research, and many
questions still lack comprehensive answers.

In this work we fabricated MBT/NbSe, heterostructures
by stacking the single-crystalline MBT and NbSe, flakes. We
simultaneously studied the transport properties of the NbSe,,
the MBT, the whole heterostructure, and the heterointerface
by choosing different electrodes on the heterostructures. In-
triguingly, three superconducting gaps have been perceived
through the measurements on the heterostructures, includ-
ing the intrinsic NbSe,, the reduced superconductivity at the
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FIG. 1. Sample geometry and the interface of MBT/NbSe,. (a) The optical microscopic image of the MBT/NbSe, structure. The bottom
h-BN(20 nm) provides an atomic flat substrate, and MBT (40 nm) and NbSe, (30 nm) flakes are stacked as a heterostructure, in which
the junction area is labeled by a white dash line. Nine electrodes marked from 1 to 9 are connected in different configurations of current
flowing and voltage measurement for comparison of electrical properties of the pristine NbSe, (current 1-5, voltage 2-3), MBT (6-9, 7-8), the
whole heterostructure (1-6, 3-8), and the interface (1-6, 5-9) channels. (b) Schematic images of MBT/NbSe, heterostructure. MBT reveals
an antiferromagnetic order along the out-of-plane, while electrons in NbSe, demonstrate Cooper pairs with opposite spin directions in the
superconducting state. (c) Schematic image of the degradation of the superconducting wave function () along the distance from NbSe,.
Here, Ay, Ay, and A, correspond to the superconductivity gaps of the intrinsic NbSe,, the surface superconductivity of NbSe,, and the
proximity-effect-induced superconductivity at the MBT surface. (d) The equivalent circuit of the junction.

surface of NbSe,, and the proximity-effect-induced supercon-
ductivity at the surface of MBT.

Figure 1(a) shows the optical microscopic image and the
schematic diagram of the MBT/NbSe, cross junction, where
the superconducting NbSe, flake (~30 nm in thickness)
was stacked on top of the magnetic topological MBT flake
(~40 nm), configuring a crosslike junction, and a 20-nm-thick
insulating #-BN was laid on the bottom of the heterostructure
as a substrate. The electrodes on MBT and NbSe, flakes
can be selected in various channels to reveal the electronic
properties of the NbSe,, the MBT, the whole heterostructure,
and its heterointerface.

Considering the interface between the MBT and NbSe,, as
given in Fig. 1(b), MBT reveals a ferromagnetic order along
the out-of-plane, while electrons in NbSe, are condensed
into Cooper pairs which behave as a singlet superconduct-
ing state (1]-]1) below the critical temperature (7;). As
has been demonstrated before [24], when the distance from
NbSe, increases, its superconducting gap Ao will gradually
degenerate and form a reduced superconductivity gap A; at
the interface, as illustrated in Fig. 1(c). Notably, the gap A,
strongly depends on the electron state of the non-SC side.
Once the non-SC side is a normal metal, the superconducting
wave function from the NbSe, can flow into the metal within
a distance less than the coherence length &y = /AD/kgT,
where D is the diffusion coefficient [24], while for a magnetic
material, the superconductivity coherence length (&) turns
into &v = /Dy /ksTyv, where Ty is the magnetic transition
temperature. Meanwhile, the superconducting wave function
decays exponentially, Ay = exp(Dmém ), due to the existence
of the exchange splitting from the spin-spin interaction, result-
ing in a restricted superconducting gap function (A;). Since
the exchange splitting is absent in an AFM, the superconduc-
tivity coherence length should be comparable to that of normal
metal. However, due to the A-type AFM magnetic structure
of MBT, it is essential to take into account the ferromagnetic
coupling when considering the interface between MBT and
NbSez.

As illustrated in Figs. 2(a), 2(e), 2(i), and 2(m), we
can evaluate the electronic properties of NbSe,, MBT, the

whole heterostructure, and the interface by choosing elec-
trodes on the MBT and NbSe, flakes [see Fig. 1(a)]. The
detailed analysis is introduced in the Supplemental Material
[25]. For the pristine NbSe,, the temperature- and magnetic-
field-dependent resistances are shown in Figs. 2(b) and
2(c), respectively, indicating the intrinsic superconductivity of
NbSe,. Specifically, a superconducting transition temperature
(T.) of 7 K and a critical field (B.) of 3 T at 1.8 K were
observed. Moreover, the critical current of NbSe, is about
1.8 mA at 1.8 K, as shown in Fig. 2(d). According to
the electron-phonon coupling strength in BCS model 2Ag =
3.52kgT., we can estimate the superconducting gap of the
pristine NbSe; to be 1.2 meV at T = 0 K, which is consistent
with previous reports [26].

The transport properties of MBT are consistent with pre-
vious results [19,27-29], where the Neél temperature (7y) is
23.7 K [see Fig. 2(f)], and the spin-flop critical field (BMBT) is
~3.34 T [see Fig. 2(g)]. It seems that the BMBT is comparable
to that of the B. of NbSe, (~3 T). Despite this, we can
easily distinguish the contribution of MBT or NbSe,, because
they induce opposite modifications on the magnetoresistance.
Namely, MBT causes a downturn while NbSe, leads to an
upturn of the magnetoresistance with the magnetic field in-
creasing [see Figs. 2(c) and 2(g)].

With the whole heterostructure measurement configuration
[see Fig. 2(i)], the temperature-dependent resistance shows
two characteristic transitions at 23.7 and 7 K in Fig. 2(j),
which correspond to the 7y of MBT and the 7. of NbSe,,
respectively. The magnetoresistance of the heterostructure in
Fig. 2(k) reveals a downturn at 3.34 T following a nonlinear
upturn transition at around 3 T, which can be related to the
critical field of MBT (BMBT) and NbSe, (B.), respectively.
On the other hand, the dV/dI-I curve of the heterostructure
at 1.8 K [see Fig. 2(i)] demonstrates two pairs of transitions,
locating at around £895 and + 245 uA, respectively, which
will be discussed in detail in the following part.

The transport properties of the MBT /NbSe, interface were
investigated by applying a current through two adjacent sides
of the cross-shape heterostructure and measuring the voltage
through the other two sides [see Fig. 2(m)]. The temperature
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FIG. 2. Transport properties for different channels of the heterostructure. (a), (e), (i), and (m). Measurement schematic of the NbSe,
(current 1-5, voltage 2-3 as shown in Fig. 1), MBT (6-9, 7-8), the whole heterostructure (1-6, 3-8), and the interface (1-6, 5-9) channels.
(b), (), (j), and (n). Temperature-dependent resistance for NbSe,, MBT, MBT/NbSe, heterostructure, and interface, respectively. Here, all
R — T curves are measured under zero field. Particularly, two temperature transitions are identified at the R-T curve of the heterostructure
and interface, including the superconducting transition 7 ¢ of NbSe, at 7 K and antiferromagnetic transition 7y of MBT at 23.7 K. The
corresponding magnetoresistances at 1.8 K are given in (c), (g), (k), and (o), where the field was applied along the out-of-plane. The magnetic
transition of MBT is observed in (g) and (k) as the spin-flop critical field (BE’IBT), and the critical field of NbSe, exhibits in (c¢) as By. (d), (h),
(1), and (p). The dV/dI vs I curves at 1.8 K for NbSe,, MBT, MBT/NbSe, heterostructure, and the interface, respectively. Here, the current
axis for NbSe, in (d) is timed 0.6, because the critical current of NbSe, is 1.8 mA.

dependence of resistance in Fig. 2(n) also shows two distinct
transitions at 23.7 and 7 K, corresponding to the Ty and T, re-
spectively. However, only an upturn transition is observed on
the magnetoresistance curve as shown in Fig. 2(0), suggesting
that the superconducting transition dominates the magnetore-
sistance at the interface. It is worth noting that the resistance
of the interface exhibits an upturn behavior below the super-
conductivity transition, which can be attributed to the Andreev
reflection (AR) effect. Such AR phenomenon also contributes
to the peak of differential resistance at the zero-bias current as
shown in Fig. 2(p). On the other hand, two pairs of transitions
are observed at 878 and £248 uA on the dV/dI-I curve,
which is consistent with those of heterostructure. However,
these critical currents are significantly lower than that of the
pristine NbSe,, which is 1.8 mA at 1.8 K. These features
can be attributed to the superconducting transitions of the
reduced superconductivity at the surface of NbSe, and the
proximity-effect-induced superconductivity at the surface of
MBT [see Fig. 1(d)].

To understand the proximity-effect-induced superconduc-
tivity and AR effect through the heterostructure, we further
studied the temperature-dependent dV /dI-I spectrums of the
whole heterostructure and the interface. Figure 3(b) shows
the mapping of normalized differential resistance at various
temperatures of the whole heterostructure, and the differential
resistances at some typical temperatures are given in Fig. 3(c).
Three characteristic contour lines, labeled as ICO, ICI, and 102,

can be seen on both positive and negative current sides of
the mapping in Fig. 3(b), corresponding to the peaks of the
dV/dI-I curves shown in Fig. 3(c). It is worthy to mention
that the temperature-dependent 1°, 1!, and I* and their cor-
responding gaps (Ag, Aj, and A;) are consistent with the
conventional BCS model as Ay = 1.74Ag+/1 — T /T.. There-
fore, If, Icl, and IC2 can be attributed to the intrinsic NbSe,, the
reduced superconductivity at the surface of the NbSe,, and
the proximity-effect-induced superconductivity at the surface
of the MBT.

In comparison, we perform the same measurement on
the interface [see Fig. 3(d)]. The mapping results shown in
Fig. 3(e) reveal the absence of ICO, which further confirms
that If corresponds to the intrinsic NbSe, since it is excluded
during the measurement setup. Moreover, the transition of !
and I2, and particularly the AR, are considerably more intense
than those of the heterostructure. The main reason is that both
NbSe, and MBT sides are excluded in this configuration,
and the interfacial effect dominates the measurement result.
Therefore, the cross-junction geometry is an ideal configura-
tion to investigate the interfacial effects.

Considering the AR effect at an SC/non-SC interface,
which is an effective method to determine the polariza-
tion P of a certain material [30,31], the reduction of
the conductance at zero-bias current at the MBT/NbSe,
interface indicates a weak spin-polarization from MBT. How-
ever, the MBT crystal in our case is about 40 nm thick
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FIG. 3. Temperature-dependent critical current. Measurement schematic of (a) the whole MBT/NbSe, heterostructure and (d) the
MBT/NbSe, interface. The differential resistance mapping of (b) the heterostructure and (e) the interface with the temperature ranging
from 1.8 K to 7.0 K. The selected dV/dI-I spectrums of (c) the heterostructure and (f) the interface with several typical temperatures. 12,
Icl, and IC2 correspond to the critical currents of the intrinsic NbSe,, the reduced superconductivity at the surface of the NbSe,, and the

proximity-effect-induced superconductivity at the surface of the MBT.

(~10 SLs), which should demonstrate a long-term AFM
coupling as a bulk crystal. For comparison, we also studied the
AR behavior of the FesGeTe,/NbSe, heterostructure, where
FesGeTe; is a typical out-of-plane ferromagnet. Surprisingly,
the dI/dV -V spectrums at the interface of MBT /NbSe, and
FesGeTe, /NbSe, (see Fig. S5 [25]) are comparable. There-
fore, we can conclude that the surface state of MBT reveals
an FM ordering, which partially restricts the AR effect.

According to the temperature- and field-dependent
dV/dI-1 spectrums shown in Fig. 2 and Figs. S1-S3
of the Supplemental Material [25], we can confirm the
observation of proximity-effect-induced superconductivity
(A) at the surface of MBT. In principle, the AFM cou-
pling and topological nontrivial state in the electron band
structure may contribute to the superconducting coupling,
resulting in a novel superconductivity gap symmetry or
even topological superconductivity [32,33], which should
be pronouncedly different from the conventional supercon-
ductivity in NbSe, [34-36]. To uncover the symmetry of
the proximity-effect-induced superconductivity in MBT, we
also measured the angular-dependent magnetoresistance spec-
trums of the whole MBT/NbSe, heterostructure and the
interface.

The angular-dependent measurement geometry is shown
in Fig. 4(b). Figures 4(a) and 4(c) show the mapping of
angular-dependent dV /dI-I spectrums for the heterostructure
and interface at 1.8 K under magnetic fields of 1, 4, and 9 T,

respectively. In particular, the 2, I!, and I? are identified
individually. Moreover, the extracted normalized critical
currents 1,/I)*€ as a function of 6§ are plotted in Figs. 4(d)
and 4(e), where 6 is the angle between the magnetic field and
a-axis direction of NbSe,. Surprisingly, in contrast to what is
generally considered as a conventional s-wave superconductor
that should behave as an isotropic superconductivity symme-
try, the angular-dependent [° reveals a cosine function with
twofold symmetry, where the maximum appears at 0° and
180° and the minimum appears at 90° and 270°, respectively.
According to the analysis by Hamill er al., the spontaneous
nematic superconductivity or the strong gap-mixing triggered
by a small symmetry-breaking field may induce an anisotropic
nature in finite layers of NbSe, [35], which is the probable
origin of the twofold-symmetric /0. However, a deeper under-
standing of the symmetry behavior is still needed.

The angular dependence of I! is comparable for both the
heterostructure and the interface measurement configurations
[see Figs. 4(d) and 4(e)]. Since IC1 comes from the reduced
superconductivity at the surface of NbSe,, it is not surprising
that it has a cosine function with twofold symmetry. The phase
of I! is slightly shifted compared to that of 1°, which is due
to the influence of the MBT layer. Moreover, the proximity-
effect-induced [? vanishes at a large field (B = 9 T) and
roughly follows a cosine function with twofold symmetry as
well at B = 4 T, indicating that an unconventional super-
conductivity is induced at the surface of MBT through the
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proximity effect. In addition, the phase of 72 is quite different
from that of /0 and I!, because the phase of critical current
only associates with the angle between the current and the
long, straight edge of the SC flake [35], and /? and I° (1)
come from the MBT layer and the NbSe; layer, respectively.
Based on the angular-dependent profiles of IB, ICI, and 102,
although we can hardly confirm the exact gap symmetry of
the induced superconductivity at the surface of MBT, the
superconductivity gap symmetry of A, are different from
that of NbSe, (Ay), which is possibly due to the nontrivial
topological nature or the magnetic ordering of the MBT.

In summary, we studied the van der Waals cross-shape het-
erostructure between a nontrivial TI MBT and a conventional
SC NbSe,. Through different measurement configurations,
three different superconductivity gaps have been observed,
including the intrinsic NbSe;, the reduced superconductivity
at the surface of the NbSe,, and the proximity-effect-induced
superconductivity at the surface of the MBT. A clear zero-bias
peak was observed in the dV/dI-I curve that corresponds
to the AR effect at an FM/SC interface, suggesting that the
surface of MBT exhibits a ferromagnetically coupled plane.
The temperature-, field- and angular-dependent dV/dI-I
spectrums with the whole heterostructure and the interface
measurement configurations have been systematically inves-
tigated. A twofold-symmetric superconductivity is observed
at the surface of MBT, which has a different phase with an

and 12 at 4 T for the whole heterostructure and the interface, respectively. Here, I°, 1!,

and /? are estimated from

intrinsic few-layer NbSe,. Although we cannot identify the
superconductivity pairing symmetry, an unconventional su-
perconducting state that is different from the intrinsic NbSe,
should be seriously considered, as the various quantum states,
such as topological states and magnetic ordering, may con-
tribute to the electronic coupling.
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