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Atopologicalinsulator (TI) interfaced with an s-wave superconductor

has been predicted to host topological superconductivity. Although the
growth of epitaxial Tl films on s-wave superconductors has been achieved
by molecular-beam epitaxy, it remains an outstanding challenge for
synthesizing atomically thin Tl/superconductor heterostructures, which
are critical for engineering the topological superconducting phase. Here
we used molecular-beam epitaxy to grow Bi,Se, films with a controlled
thickness on monolayer NbSe, and performed in situ angle-resolved
photoemission spectroscopy and ex situ magnetotransport measurements
onthese heterostructures. We found that the emergence of Rashba-type
bulk quantum-well bands and spin-non-degenerate surface states coincides
with a marked suppression of the in-plane upper critical magnetic field of
the superconductivity in Bi,Se,/monolayer NbSe, heterostructures. This
isasignature of a crossover from Ising- to Rashba-type superconducting
pairings, induced by altering the Bi,Se;, film thickness. Our work opens a
route for exploring a robust topological superconducting phase in Tl/Ising
superconductor heterostructures.

Since the discovery of heavy-fermion superconductors and
high-temperature superconductors in cuprate-perovskite ceramics,
research on unconventional (that is, non-s-wave) superconductivity
continues to reveal new questions and challenges. An exciting pos-
sibility is topological superconductivity (TSC) in hybrid structures
where a topological insulator (TI) is proximally coupled to a conven-
tional s-wave superconductor’. A primary barrier to the growth of Tl
films ons-wave superconductors (or vice versa) lies in the difficulty of

achieving an atomically sharp interface due to a host of experimental
challenges such as chemical reactivity and uncontrolled nucleation.
To date, the most successful realization of Tls interfaced with s-wave
superconductors is the molecular-beam epitaxy (MBE)-grown Bi,Se,
or Bi,Te, films on bulk crystals of superconducting NbSe, (refs. *”).
However, for device fabrication and potential applicationin topologi-
cal quantum computations, MBE-grown NbSe, films are preferred over
NbSe, bulk crystals.
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Fig.1| MBE-grown Bi,Se;/monolayer NbSe, heterostructures on epitaxial
bilayer graphene. a, Schematic of the 4QL Bi,Se,/monolayer NbSe,
heterostructure on bilayer graphene. b, Cross-sectional ADF-STEM image of the
6QL Bi,Se;/monolayer NbSe, heterostructure on bilayer graphene. The atomic
structures of monolayer NbSe, and Bi,Se; layers cannot be simultaneously
resolved, suggesting a misorientation between these two layers. ¢,d, Schematic
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of theIsing-type (c) and Rashba-type (d) pairing symmetry in superconductors.
For the Ising-type superconductor (for example, monolayer NbSe,), the electrons
are near the Kand K’ valleys with spins pinned to the out-of-plane direction.
However, for the Rashba-type superconductor (for example, Bi,Se;/monolayer
NbSe,), the electrons are near the I point with spins pinned to the in-plane
direction.

Prior studies have demonstrated that superconductivity in
atomically thin films, particularly monolayer NbSe, films, persists
under in-plane magnetic fields far beyond the Pauli limit (H,) due to its
Ising-type superconducting pairing symmetry®’. In Ising-type super-
conductors, electron spins are pinned to the out-of-plane direction
duetothebreaking of the SU(2) spin rotation via the strong Ising-type
spin-orbit interaction. This property makes the breaking of Cooper
pairs difficult under an in-plane magnetic field. The TSC phase has
alsobeen theoretically predicted inIsing-type superconductors, par-
ticularly in transition metal dichalcogenides'* 2. We may anticipate
that a robust TSC phase appears in a Tl/Ising superconductor (for
example, Bi,Se;/monolayer NbSe,) heterostructure due to its com-
plex spin-orbit-coupling form. However, experimental studies along
this direction are lacking to date, primarily because the Ising-type
superconductor becomes non-superconducting after being covered
byaTIfilm.

In this work, we used MBE to fabricate Bi,Se;/monolayer NbSe,
heterostructures with different Bi,Se, thicknesses and performed
in situ angle-resolved photoemission spectroscopy (ARPES) and
ex situ electrical transport on these heterostructures. We observed
that the Dirac surface states (SSs) emerge when the thickness of Bi,Se;
is greater than three quintuple layers (QLs), which is lower compared
with previous studies of thicker (that is, 26QL) Bi,Se; films grown on
sapphire”, bilayer graphene' and Si(111) (ref. ) substrates. We found
that Rashba-type conduction bands and spin-non-degenerate Dirac
SSs appear when the Bi,Se; thickness is greater than 2QL. These fea-
tures observed in ARPES studies were found to agree well with our
first-principles calculations. Moreover, we found that the in-plane
upper critical magnetic field (that is, H,, /H,) of the superconduct-
ing Bi,Se;/monolayer NbSe, heterostructures is greatly reduced
when the Rashba-type bulk conduction bands and Dirac SSs emerge,
implying the crossover from Ising- to Rashba-type superconductivity.
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Fig.2| ARPES band maps of Bi,Se;/monolayer NbSe, heterostructures.

a-f, ARPES results of mQL Bi,Se;/monolayer NbSe, heterostructures withm =1
(@),m=2(b),m=3(c),m=4(d),m=5(e)and m=6 (f).g-1, Corresponding
energy distribution curves of the ARPES results in a-f, respectively. The Rashba-
type SSs and Rashba-type bulk QW states (that is, QW1and QW2) are highlighted
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by the red and blue dashed lines, respectively. The ARPES experiments were
performed at room temperature. For the Bi,Se, thickness greater than 3QL, the
Dirac pointis formed, and the second-lowest Rashba-type bulk QW states (that is,
QW2) appear.

The establishment of the MBE growth of Bi,Se;/monolayer NbSe, heter-
ostructures and the demonstration of crossover from two-dimensional
(2D) Ising- to three-dimensional (3D) bulk Rashba-type superconduc-
tivity in these heterostructures will facilitate the investigations of the
robust TSC phase in Tl/Ising-type superconductor heterostructures.

The 2H phase of NbSe, bulk crystal is awell-studied s-wave super-
conductor®. Its unit cell consists of the Se-Nb-Se trilayer structure.
Monolayer NbSe, has an out-of-plane mirror symmetry but breaks the
in-planeinversionsymmetry, which leads to Ising-type superconductiv-
ity inmonolayer NbSe, (refs. *°). Bi,Se, is a prototypical 3D TI, where a
single Dirac cone exists at the I’ point of the first Brillouin zone'”'®. The
unit cell of Bi,Se; consists of the Se-Bi-Se-Bi-Se QL structure. Since
both NbSe, and Bi,Se; are Se-based layered materials and share the
same hexagonal lattice structure, itis natural to use MBE to synthesize
both NbSe, and Bi,Se, layers to form Bi,Se,/NbSe, heterostructures
(Fig.1aand Extended Data Fig.1). However, as noted above, the super-
conductivity of MBE-grown NbSe, films usually fades away after the
coverage of Bi,Se, films. By carefully optimizing the growth protocols
(Methods), we successfully retained the superconductivity in Bi,Se,/
monolayer NbSe, heterostructures. We first characterized Bi,Se,/
monolayer NbSe, heterostructures using annular dark-field scanning
transmission electron microscopy (ADF-STEM) (Fig. 1b and Extended
DataFig.2). In addition to the prominent Bi,Se, QL and NbSe, trilayer
structures, we observed a BiSe bilayer with a cubiclattice structure at
the Bi,Se,/NbSe, interface. This observation is consistent with prior
studies on Bi,Se,/bulk NbSe, (ref. ). The formation of this cubic BiSe
layer is presumably stabilized by the large work function of the mon-
olayer NbSe, underneath.

As noted above, monolayer NbSe, is an Ising-type superconduc-
tor®’, in which the broken in-plane inversion symmetry can generate
anout-of-plane spin polarization under an effective Zeeman field (that
is, Ising-type spin-orbit interaction), which induces a Zeeman-type
spin splitting at the bulk valence band maximalocated at the Kand K’
points with opposite signs (Fig. 1c). Therefore, theintervalley Cooper
pairs in monolayer NbSe, involve two electrons with locked oppo-
site out-of-plane spins, which are referred to as Ising-type pairing.

Superconductivity can also arise in materials with a Rashba-type
band structure, where the spins of the electrons are pinned to the
in-plane direction (Fig.1d). Cooper pairing between two such electrons
with opposite in-plane spins is known as Rashba-type pairing. In our
experiment, by depositing Bi,Se; films on top of monolayer NbSe,,
Rashba-type conduction bands and Dirac SSs emerge and become
superconducting due to the proximity effect. Therefore, Bi,Se,/mon-
olayer NbSe, heterostructures provide a platformto study the crosso-
ver between Ising- and Rashba-type pairingsin a single system.

We next performed in situ ARPES measurements on mQL Bi,Se,/
monolayer NbSe, heterostructures by systematically increasing m. For
monolayer NbSe, (that is, m = 0), a hole pocket that crosses the Fermi
energy near thel point was observed (Extended DataFig. 3), consistent
with prior studies®®*. After the deposition of 1QL Bi,Se; (thatis, m=1)
onmonolayer NbSe,, the ARPES band map shows a near-parabolicband
dispersion, which is analogous to that of 1QL Bi,Se, directly grown on
epitaxial bilayer graphene substrates'*. Compared with 1QL Bi,Se,
grown on graphene, 1QL Bi,Se,;/monolayer NbSe, is more electron
doped. The bulk conduction band minimumis at (£ - £;) = —0.55 eV
(Fig. 2a,g). A gap of ~0.73 eV was observed for the m =1 sample
(Extended Data Fig. 3). With increasing m, the hybridization gap
betweenthe top and bottom SSs decreases. Thegapis~0.18 eV for the
m=2sample. Furthermore, we observed Rashba-type SSs forthe m =2
sample (Fig. 2b,h), implying symmetry-inequivalent top and bottom
SSs (ref. ™). For the m > 3samples, the SSs become gapless, asignature
of crossover from 2D to 3D Tl regimes® (Fig. 2¢,i). The crossover thick-
nessinBi,Se,/NbSe, heterostructuresisfoundtobe3QL. Thisisgreatly
lower than 6QL observed for Bi,Se, films grown on other substrates
including NbSe, bulk crystals***™, With increasing m, the chemical
potential gradually approaches the Dirac point (Fig. 2d-f,j-1).

Inaddition to thereduced 2D to 3D crossover thickness, the bulk
conduction bands of Bi,Se; films grown on monolayer NbSe, form
quantum-well (QW) states for m > 2 (Fig. 2b—f,h-1). Distinct from the
QW states observed in Bi,Se; films on sapphire®, bilayer graphene™,
Si(111)"” and NbSe, bulk crystals®®, the QW states in mQL Bi,Se;/mon-
olayer NbSe, heterostructures exhibit a Rashba-type band splitting,
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Fig.3 | Crossover fromIsing- to Rashba-type pairing symmetry in Bi,Se,/
monolayer NbSe, heterostructures. a, R—T curves of the mQL Bi,Se;/monolayer
NbSe, heterostructures under zero magnetic field. R is normalized to the normal-
state resistance at 7= 5K. The superconducting transition temperature T is
suppressed for m > 1. The enlarged R-T curves are shown in Supplementary
Fig.1.b, In-plane upper critical magnetic field normalized to the Pauli
paramagnetic limit, H, /Hp, as a function of reduced temperature 7/T_ for

mQL Bi,Se;/monolayer NbSe, heterostructures. ¢, Out-of-plane upper critical
magnetic field H,, , as afunction of reduced temperature 7/T. for mQL Bi,Se;/
monolayer NbSe, heterostructures. Theinsetsinb and care the in-plane and
out-of-plane GL coherence lengths & ,and {, , asafunction of m, respectively.
The shadings inb and cindicate the crossover from Ising-type superconductivity
(light blue) to Rashba-type superconductivity (light red). Two m = 0 samples are
includedina-c.Twom=1and m=2samplesareincludedinaandb.

similar to a recent theoretical prediction based on Bi,Se;/monolayer
PtSe, heterostructures®. To estimate the Rashba coupling strength
ag of the lowest QW states (Fig. 2, QW1), we defined the energy differ-
ence between the minimum of QW1 states and Rashba band crossing
atthel pointas Fz and the momentum offset of two Rashba bands as ki
(Fig.2b). Consequently, the Rashbasplitting parameter for alocal para-
bolic dispersion is approximated by a = 2E;/kg. For the m =2 sample,
E,=0.019 eV and k; = 0.038 A, yielding &tz = 1.0 eV A. The value of ay
in the 2QL Bi,Se,/monolayer NbSe, heterostructure is comparable to
that of the Rashba splitting of Bi,Se; bulk conduction QW states®* 7.
With increasing m, a monotonically decreases and almost vanishes
inthe m = 6 sample, but the Rashba splitting of the second-lowest bulk
QW states (Fig. 2, QW2) remains large in the 3 < m < 6 samples (Fig. 2
and Extended Data Fig. 4). The appearance of Rashba-type bulk QW
bands and/or spin-non-degenerate Dirac SSs can together influence
the occurrence of the superconducting proximity effect between Bi,Se,
and monolayer NbSe, films, as discussed below.

Next, we focused on the transport measurements of mQL
Bi,Se;/monolayer NbSe, heterostructures. As shown in Fig. 2, the
chemical potential crosses the Rashba-type bulk bands and/or
spin-non-degenerate Dirac SSs, and the electrons possess in-plane spin
polarizationinboth cases (Fig. 1d). When the superconducting proxim-
ity effect occurs between monolayer NbSe, film and mQL Bi,Se;, films,
the Ising-type pairing in monolayer NbSe, film is suppressed and the
Rashba-type pairingbecomes progressively dominant withincreasing
min mQL Bi,Se;/monolayer NbSe, heterostructures. Figure 3a shows
the temperature dependence of the normalized longitudinal resistance
R of the mQL Bi,Se,/NbSe, heterostructures with 0 <m < 6. All these
samples show superconductivity, with the superconducting transition
temperatures (7.) decreasing with increasing m. Here we defined 7. as
the temperature at which R drops to 50% of the normal-state resistance
found at T=5K. Also, T.is found to decrease from ~2.8 K for monolayer
NbSe, t0~0.6 K for the m = 6 sample®® (Supplementary Fig.1). Note that
our ARPES band map of the m =1 heterostructure shows a superposi-
tion of the electronic band structures of both 1QL Bi,Se; and monolayer
NbSe, (Extended Data Fig. 3). Since the valence band alignment of
monolayer NbSe, does not change in the m =0 and m =1samples, we

can ignore the charge transfer effect between Bi,Se; and monolayer
NbSe, layers. Therefore, the observed superconductivity suppression
(thatis, T.reduction) in our Bi,Se;/monolayer NbSe, heterostructures
canbe primarily attributed to the standard superconducting proximity
effect” (Supplementary Fig. 2) rather than electroninjection across the
interface between the Bi,Se; and monolayer NbSe, layers®.

We performed the magnetoresistance measurements on these
Bi,Se,/monolayer NbSe, heterostructures under in-plane and
out-of-plane magnetic fields (Fig. 3b,c). The upper critical magnetic
fieldsH., and H,, are defined as the magnetic field at which Ris -50%
of the normal-state resistance (Extended Data Figs. 5-7). Figure 3b
shows the reduced temperature (7/7T,) dependence of the normalized
in-plane upper critical magnetic field (H,, ,/H;) for the mQL Bi,Se,/
monolayer NbSe, heterostructures with0 < m < 6.Forthe m=0sample,
the (H.,,/Hp)-(T/T.) curve near T, can be fitted by using
He ) /Hp /1 —T/T, for a 2D superconductor. When 1QL Bi,Se; is
deposited on top of monolayer NbSe,, that is, the m =1sample, the
(Hey,/Hp)—(T/T.) curveslightly deviates from this square-root-Tbehav-
iour, indicating a crossover from 2D to 3D superconductivity®. For the
m =2 samples, the (H,,,/Hy)-(T/T.) curves can be fitted with
(Hey,/Hp) < (1- T/T.) for a3D superconductor. The linear temperature
dependence of H,,  indicates that the orbital effectis dominant rather
than the paramagnetic effect for the in-plane pair-breaking magnetic
field in the Bi,Se;/NbSe, heterostructures with m > 2. Given the pres-
ence of Rashba-type conduction bands and spin-non-degenerate Dirac
SSs, the bulk Rashba-type superconductivity may appear inthe m >2
samples. Next, we extrapolated the value of H,, ,/Hyat T= 0 Kfrom the
(He,/Hp)-(T/T.) curves.In monolayer NbSe,, the extracted H,, ,(T= 0 K)
value is greater than 4.9 times the Pauli limit H,, confirming the
Ising-type pairingin monolayer NbSe,. By depositing mQL Bi,Se; films
on monolayer NbSe,, H, ,(T=0K)/H, is reduced to ~3.4 for m=1and
~2.0 for 2<m< 6. The value of H,(T =0 K)/H, greater than the factor
of V2inthe2<m<6 samples provides further evidence that bulk
Rashba-type superconductivity takes over from the Ising-type behav-
iour in Bi,Se;/monolayer NbSe, heterostructures™.

The temperature dependence of H., , provides additional
insights into the superconductivity in Bi,Se,/monolayer NbSe,
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Fig. 4| Theoretical calculations of Bi,Se,/monolayer NbSe, heterostructures.
a-c, Calculated in-plane upper critical magnetic field normalized to the Pauli
paramagnetic field H,, ,/Hp as afunction of normalized temperature 7/T. under
different Ising-type spin-orbit coupling strengths ,, and Rashba-type spin-orbit
coupling energies a,.In a, for the m = 0 sample, we considered ,, from1.25to
2.25meVand &, = 0. The best fitis approached with 8,,=1.75meVand A7.=-0.04 K
(blue solid line) for our experimental data (black circles), consistent with the GL 2D
limitfit near T (red solid line). Inb, we included a small &, value from 0 to 0.6 meV
with fixed B, = 2.1 meV for the m = 0 sample. The best fit is achieved for a weak

a, =0.42 meV, indicating that the Ising-type Cooper pairs are stilldominant in the
m=0sample.Inc, the experimental data of the m =1sample cannot be fitted by

either linear-Tbehaviour (GL 3D limit) or square-root- T behaviour (GL 2D limit; red
solid line). Amoderate fit with two comparable spin-orbit-coupling parameters,
thatis, a, = 0.9 meV and 8, = 1.75 meV, indicates the occurrence of crossover from
2D Ising-type to 3D bulk Rashba-type superconductivity in the m =1sample.

d, Calculated band structure of 3QL Bi,Se,/BiSe heterostructure. The projections
of the total wavefunction onto Bi orbitals on the upper and lower surfaces of 3QL
Bi,Se,are shownin red and black. More Rashba-type QW states in bulk conduction
bands are marked by arrows. e f, Partial charge densities for the upper SS (e) and
the first QW state (f). g, Charge densities averaged in the x-y plane plotted along z,
for the three QW states in 3QL Bi,Se,/BiSe heterostructure and the three QW states
inafreestanding 4QL Bi,Se; film.

heterostructures. We found that the (H,, ,/H,)—-(T/T.) curves display a
linear behaviourinboth monolayer NbSe, and mQL Bi,Se,/monolayer
NbSe, heterostructures due to the constraint of the
orbital-pair-breaking effect (Fig. 3c). Asnoted above, the Rashba-type
superconductivity emerges in the 2 < m < 6 samples, where the spins
oftwoelectrons are pinned to the in-plane direction (Fig. 1d). However,
with an out-of-plane magnetic field, the orbital effect dominates,
allowing the breaking of Cooper pairing. As a consequence, the
enhancementin H,,, was not observed in these bulk Rashba-type
superconductors (Fig. 3c). We used the Ginzburg-Landau (GL) expres-

sionHg, ) = @/(Zné‘éL ) to calculate the out-of-plane GL coherence
length §;, , from H,, (T=0K). Here @ is the magnetic flux quantum.

The value determined for monolayer NbSe,, namely, & , =14 nm, is
consistent with that found in bulk NbSe, crystals*. The value of &, |
continuously increases with increasing m, suggesting that
proximity-induced superconductivity occurs onbothinterior and top

surface of Bi,Se, films even in the m = 6 sample. A proximity-induced
superconducting gap onboth top and bottom Dirac SSsis aprerequisite
for creating the TSC phase in Tl/superconductor heterostructures’.
Forthem=6sample,  , isfound tobe-57 nm(Fig.3c, inset). A similar
enhancementin & , has been observed in proximity-induced super-
conductivity in Bi,Te;/bulk NbSe, heterostructures®. As a result, we
posited that the proximity-induced superconducting gap occurs in
both Rashba-type bulk bands and spin-non-degenerate Dirac SSs of
the Bi,Se; layer. This leads to bulk Rashba-type superconductivity in
them =6 samples.Inadditionto &, |, thein-plane GL coherencelength
&1, deduced from H,, (T =0 K) also continuously increases with
increasing m, further confirming the appearance of proximity-induced
superconductivity on the top surface of Tl films (Fig. 3b, inset).

To understand our transport results, we theoretically analysed
H,,, by considering the Zeeman coupling of monolayer NbSe,. The
Ising-type superconductivity inmonolayer NbSe, serves asthe Cooper
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pairing source for the bulk superconductivity in mQL Bi,Se,/NbSe, het-
erostructures. A strong Ising-type spin-orbit coupling (8,, = 1.75 meV)
protects the superconducting states against the de-pairing term of
the in-plane magnetic field, which gives rise to a large H,, ,/H,. The
enhanced paramagnetic limit* is described by

\ B + HE H?
X

2nkg T go + H)Z( ’

log[Tl] =Re (/)(0><%> -y % +i @

where ¢©(2) is the digamma function, k; is the Boltzmann constant and
H,isthe Zeeman energy. Wefirst used equation (1) tofit the (H,, ,/H,)-
(T/T) curves of the monolayer NbSe, filmwith asingle Ising-type spin-
orbit coupling parameter §,,and achieved the best fit with 8, = 1.75 meV
(Fig. 4a). We next examined the influence of Rashba-type spin-orbit
couplingontheupper critical field (equation (8)), and with two fitting
parameters, namely, 8., and a, = azk:. The Rashba parameter a, reduces
the upper critical field; thus, with a finite a,, one has to also increase
L., toachieveagoodfit. Figure 4b shows afit for , = 2.1 meV with dif-
ferent a, values, and the best fitis achieved with a, = 0.42 meV, which
is much smaller than B,,, that is, a, < S,,/5. Therefore, our theoretical
calculations demonstrate that the 2D superconductivity inmonolayer
NbSe, carries Ising-type dominant Cooper pairs. For the m =1sample,
the temperature dependence of the upper critical magnetic field devi-
ates from either linear-7 (GL 3D limit) or square-root-T (GL 2D limit)
behaviour, suggesting a complicated crossover behaviour from a 2D
Ising-type superconductor toa3D bulk Rashba-type superconductor
inthissample (Fig. 4c). The comparison between the theoretical model
calculations and experimental data for the m =1sample is shown in
Fig. 4c. The experimental data fall into the regime with the Rashba
parameter of a, = ~0.7-1.1 meV, which is comparable to B, = 1.75 meV.
The discrepancy between theory and experiment is attributed to the
3D orbital effects that are not capturedin our 2D model. Inthe Supple-
mentary Information, we discussed another mechanism of intervalley
scattering that canalso suppress H,, , due to the interfacial cubic BiSe
bilayer (Supplementary Fig. 3).

Toidentify the origin of the strong Rashba effect and the concur-
rent reduction in the 2D to 3D Tl crossover thickness in mQL Bi,Se,/
BiSe/monolayer NbSe, heterostructures, we performed first-principles
calculations to examine the bulk QW bands and Dirac SSs. Captur-
ing the entire Bi,Se,/BiSe/NbSe, heterostructure in first-principles
calculations is challenging because a supercell commensurate with
two different hexagonal lattices and a third cubic one is required. We
instead examined two pairs of BiSe/NbSe, and Bi,Se,/BiSe. The elec-
tronic structure of BiSe/monolayer NbSe, shows that the band-filling
occupation of the monolayer NbSe, layer does not show any substan-
tial change (-0.04e per NbSe, formula unit) (Extended Data Fig. 8),
consistent with our ARPES observation (Extended Data Fig. 3). This
negligible charge transfer across BiSe/NbSe, leaves the hole carriersin
the NbSe, layer uncompensated, which canstill support the presence of
superconductivity. Therefore, our following calculation of Bi,Se,/BiSe
isavalid structural approximation of the mQL Bi,Se,/BiSe/monolayer
NbSe, heterostructures.

Figure 4d shows the orbital-projected band structure of the
3QL Bi,Se,/BiSe heterostructure. For 0.6 < (E - E;) < -0.4 eV, two
Dirac SSs appear at different energies. The upper SS remains mostly
intact, localized at the upper surface, whereas the lower SS drops
to alower-energy level due toits interaction with the BiSe layer but
has an increased decay length (Fig. 4e and Supplementary Fig. 4).
Therefore, we canattribute the energy separation of the two Dirac SSs
to the interaction between the lower Dirac SS and BiSe layer, which
relieves the lower Dirac SS from further hybridizing with the upper
DiracSS. This explains why the critical thickness for the 2D to 3D TI
crossover in Bi,Se;/monolayer NbSe, heterostructures is reduced.
For —0.25< (E- E;) <0 eV, three QW bands labelled QW1, QW2 and

QW3 appear, consistent with their x-y-plane-averaged partial charge
densities having 0,1and 2 nodes, respectively (Fig. 4g). QW1and QW2
arelocated at~0.22 and ~0.39 eV above the Dirac point of the upper
SS, respectively, in good agreement with the corresponding values
of -0.23 and ~0.44 eV determined from the ARPES band map for the
m =3 sample (Fig. 2¢,i). The calculated Rashba splitting £, of QW1
is~0.009 eV (Supplementary Fig. 5), which s also close to the value
of E; = 0.011 eV measured by ARPES. Since mQL Bi,Se;, films usually
produce (m —1) QW states above the conduction band minimum
(Extended Data Fig. 9), the three QW states suggest that the m =3
sample s effectively equivalent to a freestanding 4QL Bi,Se; sample
(Extended Data Fig.10). In other words, the BiSe layer electronically
resembles an additional Bi,Se, layer. This is further confirmed by
comparingthe three QW statesin the 3QL Bi,Se,/BiSe heterostructure
with thosein the freestanding 4QL Bi,Se; sample (Fig. 4g). However,
the 3QL Bi,Se,/BiSe heterostructure is different from the freestand-
ing 4QL Bi,Se; because the crystal potential of the former structure
is asymmetric along z, as reflected from their partial charge densi-
ties plotted along z (Fig. 4g). Therefore, the presence of the inter-
facial BiSe layer facilitates the formation of bulk Rashba-type QW
bands withlarge ag by introducing a compositional gradient along z
(Supplementary Fig. 6).

In summary, we fabricated superconducting Bi,Se,/monolayer
NbSe, heterostructures by MBE and found that an interfacial BiSe
layer with a cubic lattice structure is formed at the interface between
the Bi,Se; and monolayer NbSe, layers. By performing in situ ARPES
measurements, we observed the formation of gapless Dirac SSs in
the 3QL Bi,Se,/monolayer NbSe, heterostructure. Moreover, several
bulk Rashba-type QW bands appear in Bi,Se;/monolayer NbSe, het-
erostructures with Bi,Se; thickness greater than 2QL. By performing
magnetoresistance measurements, we found that both in-plane and
out-of-plane upper critical magnetic fields of the superconducting
Bi,Se,/monolayer NbSe, heterostructures are greatly reduced with
anincrease in the Bi,Se; film thickness, indicating the occurrence of
a crossover from Ising- to bulk Rashba-type pairings. The successful
synthesis of bothIsing-type superconductor and Tl films by MBE as well
as the observation of crossover from Ising-type to bulk Rashba-type
superconductivity may advance the exploration of the robust TSC
phasein Tl/Ising-type superconductor heterostructures.
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Methods

MBE growth

The Bi,Se,;/monolayer NbSe, heterostructures used in this work were
grown on bilayer-graphene-terminated 6H-SiC (0001) substrates
in an MBE chamber (Scienta Omicron) with a vacuum better than
2 x107° mbar. For the MBE growth of monolayer NbSe,, the sub-
strate temperature was kept at 500 °C. The monolayer NbSe, was
post-annealed at 600 °C for 30 min to improve its crystallinity. Next,
the Bi,Se; films were grown on monolayer NbSe, at ~150 °C. This low
growth temperature is crucial for achieving superconductivity in
Bi,Se;/monolayer NbSe, heterostructures. The MBE growth process was
monitored by reflection high-energy electron diffraction (Extended
DataFig.1). The samples were capped with al0 nm Se layer to prevent
their degradation during the ex situ electrical transport measurements.

ADF-STEM measurements

The aberration-corrected ADF-STEM measurements were performed
onanFEITitan® G2STEM operating at an accelerating voltage of 300 kV,
with a probe convergence angle of 25 mrad, probe current of 100 pA
and ADF detector angles of ~42-244 mrad. Extended Data Fig. 2 shows
more STEM images of Bi,Se;/monolayer NbSe, heterostructures.

ARPES measurements

Theinsitu ARPES measurements were performed at room temperature
after transferring the samples from the MBE chamber. A hemispherical
ScientaDA30L analyser was used, and the photoelectrons were excited
by a helium discharged lamp with a photon energy of -21.2 eV. The
energy and angle resolution were setat-10 meV and -0.1°, respectively.

Electrical transport measurements

The electrical transport measurements were carried out in a physical
property measurement system (Quantum Design DynaCool; 2K and
9T), aHeliox *He refrigerator (Oxford Instruments; 400 mK and 6 T)
and adilution refrigerator (Bluefors; 20 mK and 9/1/1T). Six-terminal
mechanically defined Hall bars were used for the electrical transport
studies.

First-principles calculations

The first-principles calculations were performed using the Perdew—
Burke-Ernzerhof parametrization of the generalized gradient approxi-
mation exchange-correlation functional®. Interactions between the
electrons and nuclei were described by the projector augmented-wave
pseudopotentials®, as implemented in the Vienna ab initio simula-
tion package®. Interlayer van der Waals interactions were accounted
for using Grimme’s DFT-D3 correction scheme®. Non-collinear spin
textures and spin-orbit coupling were enabled following the native
Vienna ab initio simulation package implementation. Convergence
parameters included the following: a plane-wave expansion energy
cutoffof 500 eV, aresidual force threshold of 0.01 eV A for relaxations
(except for mQL Bi,Se; plus BiSe, as shown below), a12 x 12 x 1 k-point
grid for multilayer Bi,Se, unit-cell calculations and a 6 x 1 x 1 k-point
grid for Bi,Se, plus BiSe calculations.

For Bi,Se;, plus BiSe calculations, a1 x 3+/3trilayer Bi,Se, plus1x 5
cubicBiSe supercell was chosen, where Bi,Se; adopted its native lattice
constant of4.14 A, requiring cubic BiSe to accommodate by sustaining
aslightstrain (1.6% and 2.2% in the lateral directions, considering BiSe’s
native lattice constant of 4.21 A). This favouritism towards Bi,Se, was
to ensure the accuracy of the low-energy electronic structure of the
heterostructure, dominated by Bi,Se; bands (to be compared with
experiments), andis alsojustified by the larger thickness of Bi,Se; than
BiSe. Structural relaxations for Bi,Se; plus BiSe were prematurely
terminated where residual forces were still -0.2 eV A; at this stage, the
softest degrees of freedom (Bi,Se;-BiSe interlayer separation) had
already stabilized and resumed relaxation would strongly distort the
BiSe layer through the formation of strong bonds between Bi (in BiSe)

and Se (in Bi,Se;) wherever a Bi(BiSe)/Se(Bi,Se;) pair happened to be
closein the supercell. Inarealistic structure including the underlying
NbSe, and graphene substrate, such distortions would be suppressed
since they wouldinflict additional energy penalty ininterlayer adhesion
and bending at the BiSe/NbSe, interface. Although a full relaxation
with a near-commensurate supercell containing all the structural
components (that s, Bi,Se,, BiSe, NbSe, and graphene) would be ideal,
it would also require >1,000 atoms (with spin-orbit coupling) and is
therefore beyond our computational capabilities. For this reason, we
used a flat Bi,Se; plus BiSe structure in all the electronic structure
calculations.

Theoretical calculations of critical temperature and upper
critical magnetic fields

To achieve the best fit for our experimental data of the monolayer
NbSe, sample, we took an adjustment of T, with a 3% error from the
experimental data into account. It means T_ achieved in our experi-
ments might be replaced by

T.=T.+AT.. )

From the GL theory in the 2D limit, we know that

bo (Hﬂp)2 =1- T;”Ij) =1- TCT+(I-2TC' 3)
Thisleadsto
which canbe rewritten as
T T STy ()] ©

for thefitting process. Here there are two fitting parameters, namely,
boand AT.. During the fitting process, |AT,| isless than 3%T..

In addition to the GL theory, we also adopted a model calcula-
tion to fit the in-plane upper critical field H,, , to reveal the role of the
Ising-type spin—-orbit coupling S, in our experiments. We considered
the normal Hamiltonian of monolayer NbSe, around the K and K’ val-
leys*as

P>

HO = (m - ﬂ) ToSo + ﬁsorzsz +aR (pxsy - pysx) + Hxsxs (6)

where my,is the effective mass, and rand sare Pauli matricesin the valley
and spinsubspace, respectively. Aphenomenological interaction Ham-
iltonianis considered toinduce aspin-singletintervalley pairing state™.
Note that the spin-triplet components induced by spin-orbit coupling
areintheorder of B,,/u < 1, which can be ignored for simplicity®.

Tostudy therelationship between the in-plane upper critical mag-
neticfield H,,  and critical temperature 7/T;, we used the standard GL
theory and solved the linearized gap equation*®

% =—kgT Y [(148y) Ge (i, p) (TxSy) Gh(iwp, —p)], @

iw,,p

where v, is the dimensionless attractive interaction strength,
G.(iw,, p) =[iw, - Hy(p)]'is the Matsubara Green’s function for elec-
trons and G, = —G;for holes.

Wefirst considered asimple limit with a; = O; then, the solution of
equation (7) givesrise to equation (1), which explains why the Ising-type
superconductivity is resilient to an in-plane pair-breaking magnetic
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field. For monolayer NbSe,, the best fit is achieved with B,, = 1.75 meV.
Under aweak magnetic field, the factor H2/ (B2, + H2) < linducesalarge
in-plane H, > Hp.

Next, we included the Rashba-type spin-orbit coupling a, that
competes with S, (ref. **); then, the solution of equation (7) becomes

o tag — R
log[%] = 31Go () +Cop)1 + 3 [Co () = Co (0,1 X TEE

(8)
where E. =/ B2, + (H, + )%, o = Ak and k; is the Fermi momentum,

thatis, p.. = %(E+ + £_)Thekernel of the de-pairing functioninequation
(8)isgivenby C, (x) = Re [zp“)) (%) -y (% + ihisrﬂ, where ¢©(2) isthe
digamma function. Note that equation (8) canbereduced to equation
(1) by setting a, = 0. The presence of a; increases the de-pairing term
p., which, inturn, decreases the in-plane H,, . However, by fitting the
experimental data of the monolayer NbSe, sample, we found that the
Rashba-type spin-orbit coupling energy a, is much smaller than the
Ising-type spin-orbit coupling S.,, that is, a, < B.,/5, and thus, the
Rashbaeffect canbeignored in monolayer NbSe, (Fig. 4b). Finally, we
used equation (8) to investigate the paramagnetic pair-breaking effect
for the m =1 sample. The moderate fit shows f,,=1.75 meV and
a,=0.90 meV (Fig. 4c); these two comparable spin-orbit couplings
indicatethe occurrence of crossover fromIsing-type (thatis, them=0
sample) to Rashba-type (that is, the m > 2 sample) Copper pairs in
Bi,Se;/monolayer NbSe, heterostructures.

Data availability

The datasets generated during and/or analysed during this
study are available from the corresponding author upon reasonable
request.

Code availability
The codes used in the theoretical simulations and calculations are
available from the corresponding author upon reasonable request.
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a  Bilayer graphene terminated 6H-SiC(0001) b Monolayer NbSe- C 5 QL Bi-Ses/Monolayer NbSe>

Extended Data Fig. 1| RHEED patterns during MBE growth. (a) Bilayer graphene terminated 6H-SiC(0001) substrate. (b) Monolayer NbSe, film grown on bilayer
graphene. (c) 5 QL Bi,Se;/monolayer NbSe, heterostructure grown on bilayer graphene.
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Extended Data Fig. 2| Cross-sectional ADF-STEM images and EDS maps of the Large-scale ADF-STEM image and corresponding EDS maps of Si, Nb, Bi, and Se
MBE-grown Bi,Se;/monolayer NbSe, heterostructure. (a-c) ADF-STEMimages  of'the Selayer-capped 6QL Bi,Se;/monolayer NbSe, heterostructure grown on
of the Bi,Se;/monolayer NbSe, heterostructure along different orientations. (d,e)  bilayer graphene terminated 6H-SiC(0001).

Nature Materials



Article https://doi.org/10.1038/s41563-022-01386-z

Monolayer NbSe,
a C 7 b 1QL Bi,Ses/monolayer NbSe,
03 F 3 SR
< 00
X!
-0.3
-1 0 1
k, (A"
Monolayer NbSe, 1QL Bi,Ses/monolayer NbSe;
a i e 1QL Bi,Ses/monolayer NbSe;
«:w
| -
; 3 !
g ©
> ~
2 > |
- -%' 11 Monolayer
L S | NbSe,
I
w = |
|
I
|
- S 1 1 1] 1
-0.3 00 03 -0.3 0.0 03 -3 -2 -1 0
k, (A7) k, (A7) E-E. (eV)
Extended Data Fig. 3| Electronic band structures of monolayer NbSe, and (b) locates the electron pocket near the I' point from 1QL Bi,Se;. (c, d) ARPES band
1QL Bi,Se,/monolayer NbSe,. (a) Fermi surface of monolayer NbSe,. (b) Fermi maps of monolayer NbSe, and 1QL Bi,Se;/monolayer NbSe,. (¢) Comparison of
surface of 1QL Bi,Se,/monolayer NbSe,. The red dashed lines in (a) and (b) locate the energy distribution curves at the I' point in monolayer NbSe, (red line) and
the hole pocket near the I’ point from monolayer NbSe,. The blue dashed line in 1QL Bi,Se;/monolayer NbSe,(blue line).
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Extended Data Fig. 4 | Rashba-type bulk QW bands and Dirac SSs in mQL Bi,Se,/monolayer NbSe, heterostructures. (a-e) The second derivative spectra of the
ARPES datain Fig. 2b-f of the main text. (f) Rashba splitting parameter o; of QW1and QW2 states as a function of m.
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Extended Data Fig. 6 | R-p,H curves of mQL Bi,Se,/monolayer NbSe, heterostructures under in-plane magnetic fields at different temperatures. (a) m=1. (b)
m=2.(c) m=3. (d) m=4.(e) m=5. (f) m=6.
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Extended DataFig. 7 | R-p,H curves of monolayer NbSe, and mQL Bi,Se;/NbSe, heterostructures under out-of-plane magnetic fields at different temperatures.
(a) Monolayer NbSe,. (b) m=1. (c) m=2. (d) m=6.
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Extended Data Fig. 8 | Estimation of the charge transfer between monolayer NbSe, and BiSe. (a) Side view of calculation supercell for \/E X 4\/5 BiSeon \/3 X7
NbSe,. (b) Projected band structures of BiSe/monolayer NbSe, (left) and freestanding monolayer NbSe, (right). The projections of total wavefunction onto Nb orbitals
and Bi orbitals are shown inred and blue, respectively.
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Extended Data Fig. 9 | (m-1) bulk QW states in mQL Bi,Se; films. The calculated electronic band structures of freestanding mQL Bi,Se; films with2<m < 6.
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Extended Data Fig. 10 | Bulk QW statesin a freestanding 4QL Bi,Se; film. Partial charge densities for QW1, QW2, and QW3 in freestanding 4QL Bi,Se; films,
accompanied with their xy-plane-averaged representations p,,(z) plotted in the same way as Fig. 4g in the main text. Black curves are schematics for the charge

densities of the envelope wavefunctions.
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