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Magnetic/superconducting thin-film heterostructures represent a frontier in condensed matter physics, offering pathways to realize
unconventional pairing mechanisms such as topological superconductivity, spin-triplet pairing, and Majorana zero modes for fault-
tolerant quantum computing. In this work, we integrate the magnetic van der Waals material MnBisTes with a superconducting
NbN thin film, achieving ultralow-disorder interfaces through Ti buffer layer engineering. Out-of-plane magnetoresistance hysteresis
loops confirm interfacial spin polarization. Temperature- and field-dependent critical currents, extracted from differential resistance
spectra, reveal robust coupling between the MnBisTes surface states and the superconducting order of NbN, enabling proximity-
induced superconductivity within MnBisTes. Notably, the proximity-induced critical currents remain invariant under in-plane field
rotation, in contrast to the anisotropic response observed in bare NbN. These findings demonstrate a novel platform for fabricating
high-quality heterointerfaces and enable targeted exploration of exotic quantum states.

1 Introduction

The interplay between magnetism and superconductivity has intrigued the condensed matter physics
community for nearly a century [1, 2, 3, 4, 5]. Conventionally, these two phenomena are considered to be
mutually exclusive, as magnetic ordering tends to disrupt the spin-singlet Cooper pairs responsible for
conventional superconductivity [1]. However, the discovery of unconventional superconductors, includ-
ing cuprates, heavy fermion compounds, and iron-based superconductors, has challenged this perspec-
tive. In these systems, superconductivity is often mediated by spin fluctuations rather than phonons [6,
7, 8, 9]. This has spurred a growing interest in identifying materials and systems where magnetism and
superconductivity coexist, particularly in strongly correlated or high-temperature superconductors such
as UGey [10, 11], UTe, [12, 13], and Fe(Te,Se) [14]. In parallel, magnetic/superconducting heterostruc-
tures have emerged as ideal platforms for studying the coexistence of these competing orders. At their
interfaces, proximity effects can give rise to hybrid superconducting-magnetic states [15, 16, 17, 18, 19].
Over the past decade, such heterostructures have gained importance in the context of superconduct-
ing quantum computing [20, 21, 22], following the theoretical proposal by Fu and Kane that proximity-
induced topological superconductivity could host Majorana zero modes [23]. While proximity effects of-
fer a promising route to realizing exotic quantum states, prior efforts have largely focused on bulk sys-
tems to minimize the influence of interfacial disorder, which can obscure or even dominate the intrinsic
physics [24, 25]. In contrast, high-quality magnetic/superconducting interfaces are now being actively
pursued to provide clean and controllable platforms for probing fundamental quantum phenomena.

Recently, MnBi,Te, (MBT) has emerged as a key material in the study of topological magnetism. It is
an intrinsic topological insulator with an ABC-stacked van der Waals crystal structure and A-type an-
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tiferromagnetic order [26, 27, 28, 29, 30]. In odd-layer MBT flakes, quantum anomalous Hall and Chern
insulator states have been experimentally observed, while even-layer devices exhibit exotic phenomena
such as the layer Hall effect and axion quasiparticles [26, 28, 31]. Theoretical proposals have further sug-
gested that heterostructures combining MBT with conventional s-wave superconductors could host chiral
Majorana edge modes [23, 32, 33]. Experimentally, Nb and NbN thin films have been deposited on MBT
substrates [34, 35], and a proximity-induced superconducting gap of ~0.1 meV has been observed. How-
ever, the nature of the interfacial magnetic state remains ambiguous, possibly due to the the fact that
the superconducting layers have been directly deposited onto MBT using high-power sputtering which

is known to lead to interface degradation of van der Waals materials. More recent studies using van der
Waals heterostructures, such as NbSe, /MBT, have revealed signatures of ferromagnetic ordering at the
interface, inferred from Andreev reflection measurements [22]. Nevertheless, due to the comparable su-
perconducting and magnetic critical fields of NbSe; and MBT, respectively, disentangling the magnetic
behavior at the interface remains challenging. As such, a deeper understanding of the magnetic proxim-
ity effect in these systems is still lacking.

In this work, we fabricated NbN/MBT heterostructures by combining mechanical exfoliation of MBT
single crystals and superconducting NbN thin films growth. Through the insertion of a 2-nm-thick Ti
buffer layer, high-quality heterointerfaces were achieved. The interfacial differential resistance (dV/dI-I)
spectra reveal three sets of additional critical current peaks, which are corresponding to the proximity-
induced interfacial superconductivity. The magnetic field dependencies of these critical currents reveal
modulation by magnetic phase transitions in the MBT layer. Additionally, hysteresis observed in the
low-field regime of interfacial magnetoresistance (MR) curves suggests proximity-induced spin polar-
ization at the interface. Our work demonstrates the coexistence of magnetism and superconductivity

in a hybrid van der Waals crystal and thin film system, establishing a novel platform for investigating
emergent quantum states, including including topological superconductivity and possibly Majorana zero
modes.

2 Results and Discussion

2.1 Characterization of the NbN/MnBi;Te, heterostructure

Figure 1a shows an optical micrograph of the device with the transport measurement layout. To charac-
terize the interfacial properties, we fabricated a mesa [36] and combined it with a nonlocal measurement
configuration, as illustrated schematically in Fig. 1b. In this setup, current is applied from the top elec-
trode of the NbN mesa to one side of the underlying MBT, while the voltage is measured between the
mesa and the opposite side of the MBT. As a result, the measured voltage includes contributions from
both the NbN layer and the NbN/MBT interface. In particular, for in-plane angular-dependent magne-
toresistance MR measurements, the magnetic field (B) is applied within the ab-plane of the sample. As
a result, the Lorentz force acts within the plane and does not produce a transverse deflection of carriers
out of the film, rendering the orbital contribution to the magnetoresistance negligible.

The quality of the interface plays a critical role in determining the transport properties of magnetic/su-
perconducting heterostructures. To ensure minimal disorder and high interface integrity, we employed an
in situ fabrication technique that integrates MBT crystal cleaving and NbN thin-film deposition. Details
of the fabrication process are provided in the Supplementary Information. As shown in Fig. 1c, scanning
transmission electron microscopy (STEM) combined with energy-dispersive X-ray spectroscopy (EDX)
confirms the formation of a sharp, high-quality interface between the NbN layer and the MBT crystal.

The transport properties of the NbN/MBT heterostructure were systematically investigated using three
distinct measurement configurations, as illustrated in Figs. 2a, 2e, and 2i. By applying current and mea-
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2.2 Differential resistance spectra of the NbN/MnBiy Tey heterostructure

suring voltage at different locations, we were able to independently probe the transport characteristics of
the interface, the MBT layer, and the NbN layer. Figures 2b, 2f, and 2j show the temperature-dependent
resistance (R-T') curves corresponding to the interface, MBT, and NbN, respectively. Two distinct tran-
sitions are observed in the interfacial R—T" curve (Fig. 2b) at approximately 10.8 K and 24.4 K. These
transitions correspond to the superconducting critical temperature (7;.) of NbN and the Néel tempera-
ture (Ty) of MBT, as indicated in Figs. 2j and 2f, respectively. Below T, a resistance upturn is observed
with decreasing temperature in the interfacial curve. This feature is attributed to enhanced Andreev re-
flection (AR) processes occurring at the NbN/MBT interface.

Figures 2c, 2g, and 2k show the out-of-plane MR curves of the interface, MBT, and NbN layers, respec-
tively, measured at 2 K. On the interfacial MR curve (Fig. 2c), two sets of kinks are observed at B =

+3T and £8 T. Given that the out-of-plane upper critical field of NbN far exceeds 16 T [37], these fea-

tures are attributed to the spin-flop transition field (Bjg,,) and the magnetic saturation field (Bs) of MBT [38,
29, 30], as further supported by the MBT MR response in Fig. 2g. In addition, a small hysteresis loop
appears near zero field in the interfacial MR curve, which will be discussed in more detail later. We note

that Fig. 2c shows a single magnetic field sweep direction; full hysteresis loops confirming the coercive

field and remanent resistance are provided in Fig. 7b.

To characterize the proximity-induced superconducting states, we performed /- measurements for all
three configurations. Figures 2d, 2h, and 21 show the differential resistance spectra (dV/dI) as a func-
tion of bias current I at 2 K for the interface, the MBT layer, and the NbN layer, respectively. In the in-
terfacial spectrum (Fig. 2d), in addition to the AR peak appearing near zero current, three additional
sets of peaks emerge at [ = +0.95mA, £1.20mA, and £2.10mA, labeled as I, I, and I?, respectively.
Based on the intermediate magnitudes and field /temperature dependencies of these features, we asso-
ciate I! and I? with the Ti buffer and the suppressed NbN interface region, respectively, and I? with
the MBT layer. For comparison, the critical current of the bare NbN layer is about 5.8 mA, as shown

in Fig. 21 and labeled I3, significantly higher than those observed in the interfacial configuration. This
further supports the interpretation that the lower critical currents originate from proximity-induced su-
perconductivity. Additionally, the suppression of zero-bias conductance (AR peak) is consistent with our
previous observations in NbSes/MBT heterostructures [22]. Note, however that while the suppression of
zero-bias conductance is qualitatively consistent with ferromagnetic alignment along the c-axis, direct
magnetization or spin-resolved measurements would be needed to confirm the interfacial spin texture.

2.2 Differential resistance spectra of the NbIN/MnBi;Te, heterostructure

The color map of the interfacial differential resistance spectra as functions of bias current and tempera-
ture is shown in Fig. 3a. Several characteristic contour lines, labeled as I0, I!, I?, and I3, appear sym-
metrically on both the positive and negative current sides of the map. These features correspond to dif-
ferent superconducting regions within the heterostructure, as discussed previously. As the temperature
increases, the zero-bias AR peak gradually diminishes and eventually vanishes at the superconducting
critical temperature of ~6 K, indicating the suppression of proximity-induced superconductivity. Fig-
ure 3b displays line profiles of the differential resistance spectra at selected temperatures. The dashed
lines trace the temperature evolution of the critical currents I0, I!, I?, and I3.

Figure 4a shows the out-of-plane field-dependent color map of the interfacial differential resistance spec-
tra measured at 2 K. For comparison, the corresponding in-plane field-dependent color map is shown in
Fig. 4c. In both cases, the zero-bias AR peak gradually diminishes as the magnetic field increases, re-
flecting the suppression of proximity-induced superconductivity. However, the critical currents exhibit
markedly different behaviors under the two field orientations. Under in-plane magnetic fields, the con-
tour lines corresponding to I0, I!, and I? decrease monotonically with increasing field. In contrast, the
out-of-plane data reveal an anomalous kink near B = 3T, coinciding with the spin-flop transition field of
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2.3 Magnetic transport properties of the NbN/MnBis Tey heterostructure

MBT, indicating an interplay between interfacial superconductivity and magnetic ordering. Figures 4b
and 4d show the line profiles of the differential resistance spectra at selected out-of-plane and in-plane
fields, respectively. The dashed lines trace the field evolution of I2, I', and I2. Note that the critical
current of bulk NbN (/5.8 mA at 2 K) lies beyond the current measurement range and is thus not visi-
ble in these plots.

Considering the proximity effect at the NbN/MBT interface, as illustrated in Fig. 5a, superconducting
correlations (i.e., the pair amplitude associated with the NbN order parameter) extend across the inter-
face into the MBT layer, inducing a proximity superconducting state near the heterointerface [39, 40,
35]. In addition, the presence of spin polarization at the interface can suppress superconductivity via
exchange interactions [41]. As a result, multiple superconducting energy gaps are expected at the inter-
face: the bulk superconducting gap (As), the interface-suppressed gap (Aj), and the proximity-induced
gaps (A1, Ag). Although the absence of a zero-resistance state in the interfacial region precludes direct
extraction of these gap magnitudes, Bardeen-Cooper-Schrieffer (BCS) theory provides a proportional re-
lationship between the superconducting energy gap and the critical current [42]. Therefore, by analyz-
ing the temperature and magnetic field dependence of the critical currents, we can gain insight into the
nature of the interfacial superconducting state. Figure 5b presents the temperature-dependent critical
currents I0, I', 12, and I?, corresponding to the proximity-induced superconductivity in the MBT layer,
the Ti buffer layer, the suppressed NbN region at the interface, and the bulk NbN layer, respectively. In
the BCS framework, the critical current I.(T) is expected to follow the temperature dependence I.(T")
[1 — (T/T.)%]*? near T, reflecting the behavior of the superconducting gap and superfluid density. All
four sets of critical currents broadly follow this BCS-like temperature dependence, suggesting that the
proximity-induced superconducting states may be governed by conventional BCS theory. While these re-
sults are consistent with conventional BCS superconductivity, we also observe nonmonotonic magnetic
field responses and anisotropic peak broadening in angular-dependent measurements. These could, in
principle, also arise from spin-orbit coupling effects or emergent triplet components. However, more phase-
sensitive probes will be required to determine the pairing symmetry unambiguously. In contrast to their
monotonic suppression under in-plane magnetic fields (Fig. 5d), the critical currents exhibit anomalous
kinks near B = 3T when subjected to out-of-plane fields (Fig. 5¢). This anomaly coincides with the
spin-flop transition of MBT, wherein the magnetic moments reorient from out-of-plane to in-plane. While
the data suggest a possible interplay with spin—orbit coupling, the temperature dependence of the crit-
ical currents remains consistent with BCS theory, and no direct evidence of spin-triplet pairing is ob-
served. Further experiments will be required to clarify whether unconventional components contribute
to the induced superconductivity.

Figure 6 presents the angular-dependent differential resistance spectra. During the measurements, the
external magnetic field B was rotated within the ab-plane, as illustrated in Fig. 6a, where 6 denotes the
angle between B and the z-axis. Figures 6b-6e show color maps of the differential resistance spectra
measured at B = 1, 4, 7, and 9T, respectively. As the magnetic field is increased, the critical currents
systematically shift to lower values, and the width of the differential resistance peaks broadens progres-
sively. Notably, at high fields, the peak widths exhibit a pronounced two-fold rotational symmetry with
respect to €, while the peak positions remain largely angle-independent. These results suggest anisotropic
suppression of the superconducting correlations under in-plane rotation of the magnetic field. However,
the angle-invariant critical current positions imply a preserved isotropy in the dominant pairing ampli-
tude. To definitively determine the underlying superconducting pairing symmetry, more direct, phase-
sensitive measurements will be required.

2.3 Magnetic transport properties of the NbIN/MnBi,Te, heterostructure

MBT is a well-established A-type antiferromagnet, exhibiting ferromagnetic intralayer coupling and an-
tiferromagnetic interlayer coupling between Mn magnetic moments. When NbN is brought into contact
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with MBT, spin polarization is induced at the interface via the magnetic proximity effect, resulting in a
ferromagnetic character right at the heterointerface, as illustrated in Fig. 7a. To probe this interfacial
spin polarization, we performed MR measurements across the interface at various temperatures, with
the magnetic field applied along the c-axis. The results are shown in Fig. 7b. Unlike the MR response of
bulk MBT [43], pronounced hysteresis loops emerge in the low-field region of the interfacial MR curves,
indicating the onset of interfacial ferromagnetism. An abrupt enhancement of MR is observed near 10 K,
which we attribute to flux-flow resistance in NbN’s superconducting transition regime, where even small
magnetic fields can significantly affect the resistance. Figure 7c shows the extracted coercive field (B,
upper panel) and hysteresis amplitude (AR, lower panel) as functions of temperature. Notably, B. re-
mains well below the spin-flop transition field Bp,, (/3 T) of MBT. Both B, and AR decrease with in-
creasing temperature and vanish around 7" ~ 25K, which closely matches the Néel temperature Ty
(~24.4K) of MBT. This temperature dependence strongly supports the interpretation that the observed
interfacial magnetism arises from the magnetic proximity effect. These results therefore demonstrate the
coexistence of superconductivity and spin polarization at the NbN/MBT heterointerface, highlighting
the effectiveness of proximity engineering in realizing hybrid quantum states.

3 Conclusion

In summary, we have demonstrated the coexistence of superconductivity and magnetism at the inter-
face between a conventional superconductor (NbN) and a van der Waals magnetic topological insulator
(MBT), realized in a carefully engineered heterostructure. High interface quality, enabled by in vacuo
exfoliation and Ti buffer-layer protection during NbN deposition, is crucial for preserving the intrinsic
magnetic and electronic properties of the constituent layers. Transport measurements reveal interfacial
behavior distinct from that of either constituent: the R—T and MR curves exhibit signatures attributable
to both the superconducting NbN and antiferromagnetic MBT, confirming electronic coupling between
the two materials. Differential resistance spectra show three distinct sets of critical currents (12, I}, 12),
which we associate with proximity-induced superconducting correlations in the MBT layer, the Ti buffer
layer, and the interface-suppressed region of NbN, respectively. These findings indicate that supercon-
ducting correlations originating in the NbN layer extend across the interface and mediate coherent trans-
port in the adjacent magnetic material. Notably, the critical currents are modulated by the spin-flop
transition of the MBT layer, providing direct evidence of coupling between the superconducting prox-
imity effect and the magnetic order parameter. In addition, low-field magnetoresistance measurements
reveal a clear hysteresis loop localized to the interface, consistent with proximity-induced spin polariza-
tion. Despite these manifestations of nontrivial interfacial coupling, the extracted critical currents fol-
low BCS-like temperature dependence, and no unambiguous signatures of unconventional pairing are
observed. These results suggest that while the induced superconducting state remains conventional in
nature, the interface provides a robust and tunable platform for exploring hybrid quantum phases. Com-
pared to earlier studies of NbN/MBT heterostructures [34, 35|, our work demonstrates enhanced interfa-
cial integrity, multichannel superconductivity, magnetic hysteresis, and field-tunable transport features,
made possible by precise interface engineering. The approach presented here thus offers a powerful plat-
form for future investigations of topological superconductivity, magnetically modulated proximity effects,
and potential Majorana physics in superconductor-magnet hybrid systems.
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4 Experimental Section

Crystal growth

Single crystals of MnBiyTe, (MBT) were grown using a solid-state reaction method. A stoichiometric
mixture of MnTe and BiyTes powders, with a molar ratio of 1:5, was placed into an alumina crucible and
sealed in a quartz ampoule under vacuum. The ampoule was heated to 700 °C for 30 hours, then slowly
cooled to 590°C at a rate of 5°C/h. Afterward, the furnace was allowed to cool naturally to room tem-
perature. High-quality MBT crystals were obtained. To confirm phase purity and crystallinity, crystals
were ground and analyzed using powder X-ray diffraction (XRD), yielding results consistent with previ-
ous reports.

Fabrication of the NbIN/MnBi,Te; heterostructure

NbN/MBT heterostructures were fabricated by combining mechanical exfoliation of the 2D material with
thin-film deposition techniques, as detailed in Note 1 (Supporting Information). To ensure high-quality
interfaces, the entire assembly process was conducted under high-vacuum conditions. First, MBT flakes
were mechanically exfoliated from bulk crystals and transferred onto pre-cleaned SiOs (300 nm)/Si sub-
strates using a custom-built high-vacuum transfer system. The samples were then transferred into a mag-
netron sputtering chamber, using a vacuum transfer system, for deposition of a 2nm Ti buffer layer fol-
lowed by a 40 nm NbN layer. The Ti layer enhances adhesion at the NbN/MBT interface and protects
the MBT surface from damage during the high-power sputtering of NbN (200 W), thereby preserving in-
terfacial integrity [44, 45].

Subsequently, the heterostructures were patterned into short strips via electron-beam lithography and
reactive ion etching. A 50-nm-thick SiO, layer was deposited on the remaining substrate areas to pre-
vent side contact. Finally, Ti (10nm)/Au (100 nm) electrodes were fabricated using standard photolithog-
raphy and metal lift-off processes, as illustrated in Fig. 1b.

Electrical transport measurements

Electrical transport measurements of the NbN/MBT devices were carried out using a Physical Property
Measurement System (PPMS; Quantum Design). A constant DC current was applied between two su-
perconducting electrodes using a Keithley 2182 nanovoltmeter, and the voltage between another pair of
superconducting electrodes was measured using a Keithley 2400 source meter. The interfacial resistance
was calculated as R = V/I. Current—voltage (I-V') characteristics of the devices were also measured us-
ing the source and nanovoltmeters in a standard two-terminal configuration.

Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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Figure 1: Sample geometry and interface of the NbN/MnBi;Te; heterostructure. a Optical microscope image
of the fabricated NbN/MBT device. b Cross-sectional schematic of the heterostructure showing the layer sequence. ¢ El-
emental mapping of Nb and Mn obtained via STEM-EDX, confirming the elemental composition and sharpness of the

interfacial region.
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Figure 2: Transport properties of the NbIN/MnBi;Te; heterostructure. a, e, i Measurement schematics for the
interface, MBT, and NbN layers, and b, f, j respective temperature-dependent resistances measured under zero magnetic
field. In the R—T curve of the interface (b), two distinct transitions are observed: the superconducting transition of NbN
at T, = 10.8 K and the antiferromagnetic transition of MBT at Ty = 23.5 K. ¢, g, k Out-of-plane magnetoresistance
curves at 2 K for the interface, MBT, and NbN layers. In ¢ and g, the spin-flop transition field (Bgop) and the satura-

tion field (Bs) of MBT are clearly identified. d, h, 1 Differential resistance (dV/dI) versus bias current I at 2 K for the
interface, MBT, and NbN layers. In d, the zero-bias peak labeled AR is attributed to Andreev reflection, while additional
peaks at higher bias currents, labeled 10, I!, and I2, correspond to the critical currents of proximity-induced superconduct-
ing states at the interface, and I3 to that of the NbN film itself.
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Figure 3: Temperature-dependent differential resistance spectra of the NbN/MnBi,;Te, heterostructure. a
Color map of dV/dI as a function of bias current I and temperature. b Line profiles of normalized differential resistance
spectra at selected temperatures. Dashed lines in b trace the evolution of critical currents I0, I}, I?, and I? as a function
of temperature.
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Figure 4: Field-dependent differential resistance spectra of the NbIN/MnBi;Te, heterostructure. a, ¢ Color
maps of differential resistance as a function of out-of-plane (a) and in-plane (c¢) magnetic field. b, d Line profiles of differ-

ential resistance spectra at selected out-of-plane (b) and in-plane (d) magnetic fields. Dashed lines in b and d trace the

evolution of critical currents 10, I, and I? as a function of applied field. The critical current of intrinsic NbN, I2, exceeds

the measurement range and is therefore not visible in these spectra.
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Figure 5: Temperature- and field-dependent critical currents. a Schematic illustration of proximity-induced super-
conductivity across the NbN/MnBiyTey interface. b Extracted critical currents 10, I, 12, and I? as a function of temper-
ature. ¢, d Critical currents as a function of out-of-plane (c) and in-plane (d) magnetic field. Dashed lines in b, ¢ and d
serve as guides to the eye.
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Figure 6: Angular-dependent differential resistance spectra. a Schematic of the azimuthal field rotation, where 6
denotes the angle between the applied magnetic field and the z-axis within the sample plane. b-e Differential resistance
color maps as functions of bias current and in-plane angle 6 under out-of-plane magnetic fields of 1 T (b), 4 T (c), 7 T (d),
and 9 T (e). Data were acquired at T' = 2 K.
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Figure 7: Magnetic transport properties of the NbN/MnBi,;Te, interface. a Schematic illustration of the spin
structure in the NbN/MBT heterostructure. The NbN layer exhibits no spin polarization, while the MBT layer hosts A-
type antiferromagnetism, with intralayer ferromagnetic and interlayer antiferromagnetic coupling. Proximity-induced spin
polarization arises at the interface. b Out-of-plane MR curves at various temperatures. The magnetic field scan was per-
formed in a cyclic sequence: -1T — +1T — -1T. Hysteretic behavior emerges below Ty. ¢ Temperature dependence of the

extracted coercive field (B., upper panel) and hysteresis amplitude (AR, lower panel).
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