
Proximity induced superconductivity in a topological insulator
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Abstract

Interfacing a topological insulator (TI) with an s-wave superconductor (SC) is a promising material plat-

form that offers the possibility to realize a topological superconductor through which Majorana-based topo-

logically protected qubits can be engineered. In our computational study of the prototypical SC/TI interface

between Nb and Bi2Te3, we identify the benefits and possible bottlenecks of this potential Majorana mate-

rial platform. Bringing Nb in contact with the TI film induces charge doping from the SC to the TI, which

shifts the Fermi level into the TI conduction band. For thick TI films, this results in band bending leading

to the population of trivial TI quantum-well states at the interface. In the superconducting state, we uncover

that the topological surface state experiences a sizable superconducting gap-opening at the SC/TI interface,

which is furthermore robust against fluctuations of the Fermi energy. We also show that the trivial interface

state is only marginally proximitized, potentially obstructing the realization of Majorana-based qubits in

this material platform.
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I. INTRODUCTION

The promise to realize topologically protected qubits based on the non-Abelian exchange statis-

tics of Majorana zero modes that can be nucleated in topological superconductors sparked a lot

of research interest in the field in the past years [1–5]. Despite the ongoing effort in increasing,

for example, the decoherence times of qubits, the entire field of quantum computing still faces

material optimization challenges of the different pursued qubit architectures and Majorana-based

platforms are no exception [6].

TIs are a very versatile material and recent advances in fabrication techniques open up new

ways to use their unique properties for novel functionalities in devices [7, 8]. For example, recently

a TI-based Josephson junction was fabricated that demonstrated the usability of TIs in the field of

superconducting transmon qubits [9]. The fundamental property of the superconducting proxim-

ity effect in SC/TI heterostructures has been a major research focus in the past years, which was

pursued both experimentally [9–15] and theoretically [1, 16–18]. For instance, using scanning tun-

neling microscopy [10–12], angle-resolved photoemission [13, 14], or transport experiments [15],

it was demonstrated that TIs of the (Bi,Sb)2(Te,Se)3 family can indeed be proximitized by an in-

terface to a superconductor. Elemental s-wave superconductors like Nb [9, 13] or Pb [12] but also

two-dimensional van der Waals superconductors like NbSe2 [10, 11, 14] or PdTe2 [15, 17] have

been used successfully to open a superconducting gap in the electronic structure of a TI. It was

demonstrated that the proximity effect decays exponentially in the topological surface state (TSS)

with its distance to the SC/TI interface (i.e. with the TI film thickness) [11, 13, 17]. Further anal-

ysis even revealed possible signatures of Majorana zero modes in form of zero-bias voltage peaks

inside supercurrent vortices of the SC/TI heterostructures [10, 11].

Comparing different SC/TI interfaces, it is clear that the details of the interface chemistry

strongly influence the proximity effect. This is reflected (i) in the different extent to which the

quantum-well states and the TSS of thin TI films are gapped out upon contact with a SC and

(ii) in how quickly the proximity-induced gap in the different states decay from the SC/TI in-

terface [13, 14, 17]. These differences in the proximity effect were attributed to the degree of

hybridization of the respective TI wave functions with the superconductor and the resulting pos-

sibility for Cooper pair tunneling into the TI [14, 17]. Only in the recent past, it was realized

that at the SC/TI contact charge transfer and band bending effects play an important role for the

proximity effect and the opening of a topological gap [12, 18]. It was understood that the effect of
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charge transfer can even be beneficial in proximitized TI nanowires due to the induced inversion

symmetry breaking, as it can enhance the sub-band splitting of TI states required for the realization

of topological superconductivity in this geometry [18].

Despite the numerous research on the proximity effect in SC/TI heterostructures, the interplay

of the microscopic details of the interface, the local electronic structure, and the factors controlling

the proximity effect in this material platform remains elusive, and to date no topological qubit

exists. Thus, to fill this gap, a deeper understanding of the physics of the SC/TI interface is

obligatory, which we aim at in this study.

The focus of this computational study is the induced proximity effect in the electronic structure

of the TI Bi2Te3 in contact to the s-wave superconductor niobium (Nb). For the TI we consider

thin films of Bi2Te3 of different thicknesses between two and ten quintuple layers (QLs), which

corresponds to thicknesses of≈ 2−10 nm. The SC contact is modelled using six layers of Nb(111)

in order to build a minimal structural model for the SC/TI interface. Our calculations are based

on density functional theory (DFT) and the Bogoliubov-de Gennes (BdG) method to include the

effect of superconductivity together with a realistic description of the electronic structure [19].

Further calculational details can be found in the “Methods” section.

The calculational setup is shown in Fig. 1(a) where the “free” (i.e. the QL adjacent to the

vacuum region) and the “contact” QL (i.e. the QL in contact to the superconductor) are highlighted.

Throughout this work we discuss the electronic structure on both free and contact sides of the TI

film. In general, in the TI/SC heterostructure a TSS will appear on the free side at the interface

between TI and vacuum, and also as a contact TSS at the interface between the TI and the SC

which can hybridize with the states from the SC. Chemically, the SC/TI interface is a metal-

semiconductor contact where charge transfer and band bending effects can lead to the occupation

of trivial interface states in the accumulation region [20, 21]. Our work discusses these different

states that appear at the SC/TI contact and uncovers the interplay of wave function localization,

superconducting proximity effect which may allow to further optimize the SC/TI interface using

elemental SCs in the future.
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II. RESULTS

A. Normal state properties of the Bi2Te3/Nb interface

Figure 1(b) shows an exemplary normal state density of states (DOS) without superconductivity

for a three QL thick Bi2Te3 film in contact to Nb. The DOS is integrated over the regions of the

free QL, the contact QL and the Nb region. The DOS in the free QL hardly changes compare to the

DOS in freestanding Bi2Te3 (not shown). In contrast, the QL in contact with Nb clearly hybridizes

with the states originating from the Nb film, introducing additional states that are particularly

visible in the region of the TI bulk band-gap around E − EF = −0.3 eV. Contacting Nb with

Bi2Te3 leads to a charge transfer from Nb to the TI of around 0.15 electrons (≈ 0.87 electrons

per nm2), resulting in an upward shift of the Fermi level. This Fermi-level shift is obvious from

the band structure shown in Fig. 1(c) where the color code indicates the localization of the states.

The Fermi level resides inside the conduction band of the TI as shown schematically in Fig. 1(d).

Furthermore, the hybridization of the TSS in the contact QL with states from the Nb film strongly

affects the dispersion of the surface state, which is visible in an upward shift and an opening of the

Dirac cone formed by the TSS.

B. Superconducting proximity effect in ultra-thin SC/TI heterostructures

We start the investigation of the superconducting proximity effect in the topological insulator

with the thinnest TI film we consider here. For two QLs Bi2Te3 the free and the contact side are

not completely decoupled as seen, for example, in the sizable hybridization-induced gap at the

Dirac points in the TSS of freestanding TIs in the ultra-thin limit [22]. Figure 2 shows the density

of states in the superconducting state of the two QLs of Bi2Te3 and the Nb regions in a narrow

energy window around the Fermi level. The superconducting s-wave pairing in Nb leads to the

well-known opening of a gap in the density of states of the Nb layers. The principal coherence

peak of Nb is used to identify the size of the superconducting gap in the superconductor region

(see Fig. 2c) which is called ∆0. The rich structure in the electronic bands at the complex SC/TI

interface, together with the hybridization of the states and their partial localization in Nb or the

TI region, weaken the superconductivity at the interface and lead to a soft superconducting gap

where the DOS does not abruptly drop to zero for energies |E − EF| < ∆0. A second gap at

roughly half the size of intrinsic Nb gap (highlighted with green dashed lines in Fig. 2b) arises
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FIG. 1. Calculational setup and normal-state electronic structure of a topological insulator – superconductor

(SC/TI) heterostructure. (a) Calculational setup of n quintuple layers (QLs) Bi2Te3 (n = 2 − 10) in

contact with 6 layers Nb(111). Indicated are the “contact” and the “free” QLs of the Bi2Te3 film. (b)

Density of states integrated in the regions of the free QL, the contact QL and the Nb region for the 3 QL

SC/TI heterostructure shown in (a). (c) Electronic band structure of the SC/TI heterostructure where the

localization of the wave functions is given as red (localized in Bi2Te3) or blue (localized in Nb) colors. The

Dirac point of the topological surface state (TSS) on the free Bi2Te3 side is seen around E ≈ −0.45 meV

at the Γ-point. (d) Schematic representation of the changes to the TSS upon bringing the TI in contact to

Nb.

from the contact QL of the Bi2Te3 film. This proximity induced gap is sizable due to the strong

overlap of the wave functions in the interface regions. Finally, in the DOS of the free QL a third

gap is evident which reaches only a fifth of the value of the Nb gap (orange dashed lines). We

attribute this to the surface states arising on the free side that only has an exponential tail of its

wave functions extend into the superconductor region. Therefore, the proximity induced gap in

the free side is significantly reduced compared to the contact side.

Further insides into the proximity-induced gap on both sides of the TI film can be gained from

an analysis of the superconducting band structure. Figure 3 shows the band structure of 2 QLs

Bi2Te3 on Nb around the Fermi energy. The color code indicates the localization of the wave

functions and panels (b-j) show magnified views into selected intersections of bands with the
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Fermi energy where the superconducting energy gap opens up. We recover the three identified

gap sizes from the DOS plots in Fig. 2 in states that are, respectively, mainly localized in Nb (blue

bands in Fig. 3b,c), states that are localized in the contact QL (panel e) or states mainly localized

in the free side of the Bi2Te3 thin film (panels g,h). We point out that the states at (d) and (e,f) arise

from the TSS whereas the states at (h,i,j) are bulk-like quantum-well states of the thin TI films.

In agreement with the DOS calculations discussed before, the induced gap in the TSS states in

particular in ΓK is significantly smaller than the gap in the quantum-well states that couple much

more strongly to the Nb states (panels i and j). Furthermore, it is noteworthy that the induced gap

in the TSS in the orthogonal directions ΓK and ΓM differ considerably (cf. Fig. 3f,g). The two

states have a different Fermi velocity which is inversely proportional to the density of states at

the Fermi energy N(EF) =
∫
k∈FS(~|vF(k)|)−1 d2k. Consequently the superconducting gap size

∆ ∼ exp
(
− 1
λN(EF)

)
, that follows from the BCS theory [23] with the electron-phonon coupling

constant λ, is expected to be larger for the crossing of the TSS withEF in ΓM compared to the ΓK

direction. Nevertheless, the localization of the wave function (the state in ΓM has a longer wave

function tail into the Nb region) will also play a significant role in the formation of the differently

sized induced gap in the TSS and cannot be neglected.

C. Band bending and superconducting proximity effect in thick TI / SC hetrostructures

We now turn our attention to the limit of thick TI films in contact with the s-wave superconduc-

tor. Figure 4 shows the band structure of the 10 QL Bi2Te3 / Nb(111) heterostructure where the

contribution of different QLs from the free side (QL#1) to the contact side with Nb (QL#10) are

shown in (a). On the free side the Fermi level resides within the bulk band-gap below the onset of

the conduction band marked with a purple arrow and only the TSS bridges the gap to the valence

band. On the contact side on the other hand the charge transfer from the Nb contact shifts the

Fermi level shifts upwards, which fills a state at the bottom of the conduction band (highlighted

with the purple arrow). This effect is particularly strong in the topological insulator because of

the low density of states in the bulk band-gap that can screen the excess charge. As shown in the

calculated shift of the highest lying core levels of the Bi and Te atom in Fig. 4(b), the screening

of the charge doping by the Nb contact decays over ∼ 4 QLs after which the Fermi level also

approaches the bottom of the conduction band (as seen in the middle panel of (a)).

Next, we discuss the influence of a variation of the Fermi level on the band bending and the
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FIG. 2. Superconducting density of states for 2 QLs Bi2Te3 on Nb(111). (a-c) integrated DOS in the free

QL, the contact QL and the Nb region, respectively. Three distinct gap sizes seen in the DOS are indicated

with dashed vertical lines which highlight the superconducting gap of Nb (red, E = ±∆0) the principal

induced gap in the contact quintuple layer (green, E = ±0.53∆0) and the induced gap in the free QL

(orange, E = ±0.21∆0). Shown is only the particle component of the particle-hole space used in the BdG

formalism.

resulting superconducting gap in the electronic structure shown schematically in Fig. 5. This

models the effect of intrinsic charge doping and allows to investigate the effect of charge puddles

on the electronic structure and the proximity effect in SC/TI heterostructures. Figure 6 shows

the electronic structure in the normal state (a-c) compared to the superconducting state (d-f) for

three locations of the Fermi level: (i) EF inside the TI valence band, (ii) EF inside the TI bulk

band-gap as in Fig. 4, and (iii) EF inside the TI conduction band. Changing the location of the

Fermi level in the TI region shifts the bands of the TI relative to the Nb bands which influences the

hybridization of the TI states with the Nb states. Additionally, having the TI Fermi level located

inside the valence or conduction band leads to higher density of states in the TI region when it
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FIG. 3. Superconducting gap in different bands of a 2QL Bi2Te3 / Nb(111) heterostructure. (a) Normal

state band structure around the Γ point. (b-j) Gap in the superconducting state of the bands around the

intersections with the Fermi level marked in (a). The three dashed horizontal lines indicate the features in

the density of states highlighted in Fig. 2. Note that the superconducting proximity gap in the topological

surface state is shown in the red bands for ΓK on the free side in (d) and for ΓM on the free and the contact

sides in (e) and (f), respectively.

comes in contact to the Nb so that the charge doping of from the Nb contact is screened efficiently

and less band bending occurs.

The superconducting band structures are displayed in Fig. 6(d-f) for the three Fermi levels in

the TI are shown in terms of the integrated spectral density (shown at kx < 0) that shows the

particle-like components of the Bogoliubov-quasiparticles in ΓK-direction. We further visualize

the contributions to the anomalous density along the same path in the Brillouin zone (kx > 0)

that indicates the amount to which different bands are proximitized. Here different bands pick up

superconductivity due to the varying degree of tunneling of Cooper pairs from the superconductor

into the respective TI bands because of the localization of the wavefunctions and their orbital
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character. Comparing the calculations for different Fermi levels, we find only minor changes in

the superconducting gap of the bands that derive from the Nb layers (|kx| > 0.15 Å) and in the

TSS at the contact side (green ellipses). We conclude that the contact TSS hybridizes strongly with

the superconductor and thus is proximitized efficiently with an induced gap size of roughly half of

the gap of the superconductor. On the other hand the TSS on the free side is not proximitized as it

is decoupled from the Nb contact through the thick TI film due to its exponential decay from the

free surface (see also Fig. A.1 in the supplemental material).

Interestingly, for the Fermi level inside the TI bulk band-gap shown in Fig. 6(e), the filled

state at the bottom of the conduction band is localized in the interface region with a maximum

in the second QL from the Nb contact with only a small fraction of the wave function extending

into the Nb region. This effectively decouples the interface state (highlighted with the dashed

ellipses) from the superconductor so that the resulting proximity effect is hardly visible. Finally,

the conduction band states of the TI, that cross the Fermi level in Fig. 6(f) in the region highlighted

by the black ellipse, are located within the bulk of the TI film and thus are not proximitized at all.

D. Decay of the superconducting proximity effect in the TSS

Finally, we discuss the decay of the superconducting proximity effect in the TI film. We focus

on the results from the 10 QL thick TI film as the thickest film we considered in this work. Figure 7

shows the decay of the order parameter of superconductivity (i.e. the anomalous density χ) from

the Nb interface into the TI film. Shown are the result for the three positions of the Fermi level

in the bulk TI region discussed in the previous section. Starting from the Nb layers on the left-

hand side the order parameter quickly drops and characteristic oscillations in the atoms within the

quintuple layers are seen. In the vacuum region the order parameter then drops exponentially as

only the exponential tail of the TI wave functions penetrate into the vacuum.

In order to quantify the decay of the order parameter we fit a polynomial decay f(z) = αz−β

which we find to match our data much better than an exponential decay. In the fit we exclude

the first two QLs as well as the vacuum region in order to analyze the long-distance limit without

exaggerating effects from the region where band bending plays a major role. When the bulk TI

Fermi level resides in the bulk band-gap or at the top of the valence band we find a fast decay

(∼ z−β) of the proximity effect in the superconducting order parameter with exponents β = 2.68

and β = 2.76, respectively. On the other hand the Fermi level lies within the conduction band
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FIG. 4. Band bending in ∼ 10 nm thick Bi2Te3 on Nb. (a) Band structure contributions of first, fifth

and tenth (i.e. contact) quintuple layer (QL) which shows the band bending as a result of screening of the

excess charge transferred from the Nb contact to the topological insulator (highlighted with purple arrows

indicating the bottom of the conduction band around Γ). (b) Core level shifts of the highest lying core state

in the TI region (Te 4d and Bi 5d). Shown are the contributions of the 3 distinct Te layer, the Bi layers as

well as the average value over the QLs.

of the TI, the decay of the order parameter approaches the slow decay of ∼ 1/z known from

metal/SC interfaces [24, 25]. We attribute the faster decay of the order parameter for the Fermi

level residing in the bulk band-gap or at the edge of the valence band with the significantly reduced

number density of states in these circumstances which make the SC/TI interface behave rather like

a semiconductor/SC interface than a metal/SC interface.
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FIG. 5. Schematic illustration of the charge-transfer-induced band bending in the TI region at different

positions of the Fermi level located in the bulk band gap, the valence band (VB) or the conduction band

(CB). Note that the electron transfer from Nb to the TI always leads to an upward shift of the Fermi level

at the SC/TI contact which is screened more efficiently when the DOS in the TI region is higher (i.e. when

EF lies in VB or CB).

III. DISCUSSION

Comparing our results to existing data in the literature, we find that the slow polynomial decay

of the proximity effect in the order parameter is well in line with previous model-based studies of

the proximity effect in SC/TI heterostructures [16]. Our results show that the localization of the

wave functions in the SC/TI heterostructure determines the possibility for Cooper pair tunneling

into the respective states. The TSS on the free side away from the SC contact is localized at the

interface to the vacuum and only has an exponentially decaying tail of its wave function into the TI.

Consequently the proximity gap in the free TSS shows an exponential decay with the TI thickness

which is in line with earlier observations of the decaying proximity gap as seen for example in

experiments [10–14].

On the other hand, the absence of the proximity effect in some quantum-well states, which we

similarly attribute to a negligible hybridization with Nb, is not always found experimentally [13].

However, this apparent discrepancy could be an artifact of the structural model we chose in our

computational approach. In general, the SC/TI interface between TIs and elemental supercon-

ductors is amorphous and poly-crystalline SC phases would be a more realistic description of the
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interface which is however computationally not feasible. A proper treatment would thus encom-

pass extremely large unit cells with thick amorphous superconducting regions that show some

intermixing at the SC/TI interface. The defect-induced broadening of the states and the disordered

nature of the interface can result in a quasi-continuum of states of SC states throughout the Bril-

louin zone with a slower decay into the surface TI region. Such a situation could therefore offer

more possibilities for hybridization with the TI electronic structure which would result in more

efficient Cooper pair tunneling into the TI and thus a larger induced proximity gap in the TI bands

compared to our present results.

In contrast to amorphous interfaces with elemental SCs, the interfaces between vdW materi-

als can in principle be much cleaner [26], which will have consequences for the charge doping

at the SC/TI interface. One can expect that the presence of the vdW gap between the different

2D materials (TI and SC) will lessen the charge doping which was also not reported in earlier

studies using PdTe2 and NbSe2 to proximitize a TI [10, 11, 14, 17]. Depending on the fabrica-

tion process a higher interface quality interface is however not a given as seen in the self-formed

PdTe2/(Bi,Sb)2Te3 heterostructure where considerable intermixing is present at the interface [15].
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In future studies, we plan to investigate the effect of intermixing and diffusion of superconduc-

tor atoms into the surface QLs of the TI and scrutinize its effect on the proximity effect. Such a

dusting with a moderate concentration of superconducting atoms is believed to stabilize the prox-

imity effect as shown in the very long observation of the superconducting gap amorphous atomic

Pb layer on Bi2Te3 around Pb islands [12]. We furthermore plan to probe the influence of buffer

layers that can modify (e.g. partially screen) the charge doping from SC contact to the TI.

In conclusion, our results contain mixed messages for the ability to use elemental SC/TI in-

terfaces as a platform for Majorana-based topological qubits. Encouraging is the sizable SC gap-

opening we find in the contact TSS (in the order of half of the gap size of Nb), which is even

robust against variations of the Fermi level in the TI region. Therefore, the proximity effect in the

TSS in contact with the SC is also expected to be robust to fluctuations in the Fermi level, as they

occur in the presence of charge puddles, which are a common problem in TI materials [27–29].

Moreover, the charge transfer and the resulting band bending in thick TI films contacted with Nb

are comparable with recent model calculations that showed the beneficial effect of metallization

for the technologically important geometry of a proximitized TI nanowire [18]. Detrimental for

Nb/Bi2Te3 as a platform for topological superconductivity could be the trivial quantum-well states

in the TI, which can become occupied due to band bending or intrinsic doping. Depending on

their localization at the SC/TI interface, the Cooper pair tunneling into these states is strongly

suppressed, which leads to very small SC gap-openings in these trivial states. Our findings may

help in understanding and optimizing the interface between TIs and superconductors as a suitable

material platform in the field of topologically protected quantum computing.

IV. METHODS

The density functional theory (DFT) results of this work are produced using the full-potential

relativistic Korringa-Kohn-Rostoker Green’s function method (KKR) [30] as implemented in the

JuKKR code package [31]. The local density approximation (LDA) is used to parameterize the

exchange correlation functional [32]. We use 80 × 80 k-points in the Brillouin zone integration

during self-consistency, spherical screening clusters of 1 nm radius around each atom (containing

120− 180 sites), an `max = 2 cutoff in the angular momentum expansion of the Green’s function

with an exact partitioning of the unit cell into atomic cells [33, 34], and correct the truncation error

arising from the finite `max cutoff using Lloyd’s formula [35]. A Lloyd’s formula-like renormal-
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ization of the energy integration weights is used to shift the Fermi level of the topological insulator

with respect to the Nb superconductor when the position of the Fermi level is changed in the calcu-

lation. The TI/Nb(111) system in this study is calculated in a symmetric TI(111)/Nb(111)/TI(111)

geometry in order to counteract spurious shifts in the electronic structure arising from charge-

transfer-induced dipole moments. In order to facilitate the calculations we construct the TI/Nb

interface starting from the experimental crystal structure of Bi2Te3 (111) of 4.4 Å [36]. Then 6

layers of Nb(111) scaled (−6% compared to Nb equilibrium lattice constant) to the same in-plane

lattice constant as the TI film are placed in a distance of 2.6 Å (i.e. the TI inter-layer distance).

Because the focus of our investigation is the induced superconductivity in the electronic structure

of the TI film we neglect the effect of lattice relaxations at the interface.

The superconducting properties are calculated based on the Bogoliubov-de Gennes (BdG) ex-

tension to the KKR method [19, 37] which is abbreviated as “KKR-BdG” in this work. In the

KKR-BdG method, the Bogoliubov-de Gennes Hamiltonian (given here in atomic units)

HBdG(x) =

 −∇2 − EF + V (x) D(x)

D∗(x) ∇2 + EF − V ∗(x)

 (1)

is solved self-consistently within the framework of density functional theory. Here, x denotes the

position in space, V (x) is the normal state electronic potential and D(x) is the superconducting

pairing potential responsible for the formation of Cooper pairs. Following the parametrization

of the exchange-correlation functional introduced by Suvasini et al. [38], the superconducting

pairing potential in atom i can be written as Di(x) = λiχi(x) with a set of atom-dependent semi-

phenomenological coupling constants λi and the anomalous density χi(x). In analogy to the BCS

theory of superconductivity, the coupling constants λi can be interpreted as the electron-phonon

coupling, which results in the attractive interaction that form the Cooper pairs in conventional

superconductors. We neglect the intrinsic electron-phonon coupling in the TI region and model

the superconducting state with coupling constants

λi =

 λ0 if i ∈ sites of Nb atoms

0 else
(2)

where λ0 is a positive real-valued constant. This is motivated by the smallness of the electron-

phonon coupling in 3D TIs of the Bi2Te3-family that is found to be in the order of 0.1 [39] whereas

in Nb it is an order of magnitude larger [40]. The pairing potential in atom i is calculated self-

15



consistently using

Di(x) = λiχi(x) (3)

with the anomalous density χ that is the order parameter of the superconductivity. This results in

a finite intrinsic superconducting pairing potential in the Nb layers and vanishing intrinsic pairing

potential in the TI layers. More details of the KKR-BdG method can be found in Ref. 19. In

this work, we scale the coupling constant such that the superconducting gap in Nb is of the order

of 1 mRy to facilitate the resolution of the proximity-induced superconducting gaps in Bi2Te3.

The induced gaps can then be scaled with respect to the experimental Nb gap size of 0.12 mRy

(1.6 meV) [41], where the scaling constant for the smaller gaps Bi2Te3 should remain the same.

We also varied the model for the coupling constant to stay constant throughout the heterostructure

with the same value in the TI region and the SC region. This however does not affect the outcome

of the results (i.e. the band structures and the decay of the anomalous density stay unaffected),

which highlights the resilience of our conclusions with respect to this approximation.

The series of DFT calculations in this study are facilitated through the AiiDA-KKR plugin [42,

43] to the AiiDA infrastructure [44]. This has the advantage that the data provenance is automat-

ically stored in compliance to the FAIR principles of open data [45]. The complete data set that

includes the full provenance of the calculations is made publicly available in the materials cloud

repository [46, 47].

DATA AVAILABILITY

The data was generated using the JuKKR code (https://jukkr.fz-juelich.de) via

the AiiDA-KKR plugin [42, 43] to the AiiDA infrastructure [44] and are publicly available on the

materialscloud archive [46, 47].

CODE AVAILABILITY

The source codes of the AiiDA-KKR plugin [42, 43] and the JuKKR code [31] are published

as open source software under the MIT license at https://github.com/JuDFTteam/

aiida-kkr and https://iffgit.fz-juelich.de/kkr/jukkr, respectively.
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Appendix A: Supplement

1. Wave function localization

Figure A.1 shows the superconducting band structure of 10QL Bi2Te3 proximitized by an in-

terface to Nb(111) which is compared to the localization of the wave functions throughout the

heterostructure. We find that the states that originate from the Nb superconductor and penetrate

only little into the TI region (|kx| > 0.1 Å) have a large superconducting gap. The topological sur-

face that is located on the free side (highlighted by purple arrows) on the other hand has no wave

function overlap with the Nb region and therefore is not proximitized. The interface states that

form due to charge-transfer induced band bending at the TI/Nb interface also only has a marginal

extend of the wave function with the Nb region and therefore only picks up a tiny superconducting

gap as discussed in the main text.
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FIG. A.1. Superconducting band structure (a) and wave function localization (b) of 10QL Bi2Te3 prox-

imitized by an interface with Nb(111). The band structure in (a) is integrated over the full heterostructure

and the wave function localization in (b) is shown along the blue dash-dotted line in (a). The red and grey

dashed lines in (b) separate the regions of the superconductor (z < 3 Å), the TI film (3 Å ≤ z ≥ 105 Å) and

the vacuum (z > 105 Å) in the heterostructure. The purple arrows at kx ≈ 0.08 Å highlight the topological

surface state on the free side. The green arrows at kx ≈ 0.04 Å indicate the interface states.
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[31] The JuKKR developers, “The Jülich KKR Codes,” (2021), https://jukkr.fz-juelich.de.

[32] S. H. Vosko, L. Wilk, and M. Nusair, Can. J. Phys. 58, 1200 (1980).

[33] N. Stefanou, H. Akai, and R. Zeller, Comput. Phys. Commun. 60, 231 (1990).

[34] N. Stefanou and R. Zeller, J. Phys.: Cond. Matter 3, 7599 (1991).

[35] R. Zeller, J. Phys.: Condens. Matter 16, 6453 (2004).

[36] V. Atuchin, T. Gavrilova, K. Kokh, N. Kuratieva, N. Pervukhina, and N. Surovtsev, Solid State Comm.

152, 1119 (2012).
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Yakutovich, C. W. Andersen, F. F. Ramirez, C. S. Adorf, F. Gargiulo, S. Kumbhar, E. Passaro, C. John-

ston, A. Merkys, A. Cepellotti, N. Mounet, N. Marzari, B. Kozinsky, and G. Pizzi, Sci. Data 7, 300

(2020).

[45] M. D. Wilkinson, M. Dumontier, I. J. Aalbersberg, G. Appleton, M. Axton, A. Baak, N. Blomberg,

J.-W. Boiten, L. B. da Silva Santos, P. E. Bourne, J. Bouwman, A. J. Brookes, T. Clark, M. Crosas,

I. Dillo, O. Dumon, S. Edmunds, C. T. Evelo, R. Finkers, A. Gonzalez-Beltran, A. J. G. Gray, P. Groth,

C. Goble, J. S. Grethe, J. Heringa, P. A. C. ’t Hoen, R. Hooft, T. Kuhn, R. Kok, J. Kok, S. J. Lusher,

M. E. Martone, A. Mons, A. L. Packer, B. Persson, P. Rocca-Serra, M. Roos, R. van Schaik, S.-A.

20

http://dx.doi.org/10.1126/science.aac943
http://dx.doi.org/10.1038/nphys2108
http://dx.doi.org/10.1103/PhysRevLett.109.176801
http://dx.doi.org/10.1103/PhysRevB.96.075204
http://dx.doi.org/ 10.1088/0034-4885/74/9/096501
https://jukkr.fz-juelich.de
http://dx.doi.org/10.1139/p80-159
http://dx.doi.org/10.1016/0010-4655(90)90009-P
http://dx.doi.org/10.1088/0953-8984/3/39/006
http://dx.doi.org/10.1088/0953-8984/16/36/011
http://dx.doi.org/ 10.1016/j.ssc.2012.04.007
http://dx.doi.org/ 10.1016/j.ssc.2012.04.007
http://dx.doi.org/ 10.1103/PhysRevB.91.165142
http://dx.doi.org/10.1103/PhysRevB.48.1202
http://dx.doi.org/10.1038/s41598-017-01128-1
http://dx.doi.org/ 10.1103/PhysRevB.57.11276
http://dx.doi.org/10.1103/PhysRevB.99.115437
http://dx.doi.org/ https://doi.org/10.5281/zenodo.3628251
http://dx.doi.org/ https://doi.org/10.5281/zenodo.3628251
http://dx.doi.org/10.1038/s41524-020-00482-5
http://dx.doi.org/10.1038/s41597-020-00638-4
http://dx.doi.org/10.1038/s41597-020-00638-4


Sansone, E. Schultes, T. Sengstag, T. Slater, G. Strawn, M. A. Swertz, M. Thompson, J. van der Lei,

E. van Mulligen, J. Velterop, A. Waagmeester, P. Wittenburg, K. Wolstencroft, J. Zhao, and B. Mons,

Sci. Data 3, 160018 (2016).

[46] L. Talirz, S. Kumbhar, E. Passaro, A. V. Yakutovich, V. Granata, F. Gargiulo, M. Borelli, M. Uhrin,

S. P. Huber, S. Zoupanos, C. S. Adorf, C. W. Andersen, O. Schütt, C. A. Pignedoli, D. Passerone,
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