
PHYSICAL REVIEW B 102, 134504 (2020)

Proximity effect in a superconductor–topological insulator heterostructure based on first principles
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Superconductor–topological insulator (SC-TI) heterostructures were proposed to be a possible platform to
realize and control Majorana zero modes. Despite experimental signatures indicating their existence, univocal
interpretation of the observed features demands theories including realistic electronic structures. To achieve this,
we solve the Kohn–Sham–Dirac–Bogoliubov–de Gennes equations for ultrathin Bi2Se3 films on superconductor
palladium telluride within the fully relativistic Korringa-Kohn-Rostoker method and investigate quasiparticle
spectra as a function of chemical potential and film thickness. We find multiple proximity-induced gaps where
the gap sizes highly depend on characteristics of the TI states. The TI Dirac interface state is relevant to the
induced gap only when the chemical potential is close to the Dirac-point energy. Otherwise, at a given chemical
potential, the largest induced gap arises from the highest-energy quantum-well states, whereas the smallest gap
arises from the TI topological surface state with its gap size depending on the TI pairing potential.
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I. INTRODUCTION

Superconducting proximity effects in nanoscale het-
erostructures have been studied on various experimental
platforms since proposals [1–3] on the realization of Ma-
jorana zero modes in them. Representative systems are
superconductor–topological insulator (SC-TI) heterostruc-
tures [4–11] and semiconductor nanowires or ferromagnetic
chains on SC substrates [12–19]. Majorana zero modes re-
main robust over local environmental perturbations due to
the topological nature, which allows their applications to
quantum computation [20]. Experimental data have exhibited
signatures of Majorana zero modes, yet there remains debate
about whether other possibilities can be completely excluded
for them. This doubt is raised by inconsistent experimental
findings and current theoretical limitations.

In SC-TI heterostructures, it was predicted that the
topological TI interface state creates proximity-induced topo-
logical superconductivity where the edge state or the vortex
lattice can host Majorana zero modes. Keeping this in mind,
experiments were performed on Bi2Se3(111) or Bi2Te3(111)
films (<10 nm) grown on NbSe2 or Nb substrates, us-
ing scanning tunneling microscopy/spectroscopy [5,7,9] and
angle-resolved photoemission spectra (ARPES) [6,10]. A
proximity-induced gap was measured when the Fermi level
lies in the TI conduction band. The proximity-induced gap
was shown to decrease with increasing TI film thickness.
However, both characteristics of the gap and its dependence
on film thickness remain elusive and inconsistent among dif-
ferent groups. The induced surface gap was reported to reach
15%–40% of the bulk SC gap [5,7,10] even for thick TI films
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where the interface and top-surface Dirac states do not hy-
bridize. Intriguingly, transport experiments on Bi2Se3 with a
Pb overlayer showed zero resistivity and a proximity-induced
gap about 1 μm away from the interface [4].

Theoretical efforts have been made to understand the prox-
imity effect in SC-TI heterostructures, using the Bogoliubov–
de Gennes Hamiltonian for SC and effective models for
TI [2,3,21–24]. The TI model Hamiltonian ranges from the
Fu-Kane-Mele model [25] to the k · p model [26] with pa-
rameter values from calculated band structures using density-
functional theory (DFT). For a chemical potential away from
the Dirac point, triplet pairing was predicted [2,21], and
proximity-induced pairing types were classified based on
symmetries [23]. Despite this success, the current theoretical
approaches have many limitations due to the lack of infor-
mation on realistic band structures and interface effects as
well as insufficient treatment of quasi-two-dimensional ex-
perimental systems. The reported theoretical studies either
neglected quantum-well states (QWSs) or included generic
QWSs, although the experimental Fermi level typically lies
in the TI conduction band, and they oversimplified the Fermi
surfaces despite their importance in the induced gap features.

We investigate quasiparticle spectra of heterostructures
composed of thin Bi2Se3 overlayers on a s-wave SC palladium
telluride (PdTe) substrate by solving the Dirac–Bogoliubov–
de Gennes (DBdG) equations [27] using the fully relativistic
screened Korringa-Kohn-Rostoker (SKKR) Green’s function
method [28,29] within DFT. We calculate the band structure
of Andreev bound states and determine proximity-induced
gap features in the TI layers, considering two different TI
pairing potentials, as the overlayer thickness and chemical
potential are varied. Several different types of induced gaps
appear depending on the characteristics of the TI states for
a given overlayer thickness and chemical potential. The in-
duced gap arising from the interface TI Dirac state is the
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FIG. 1. (a) Schematic diagram of the SC-TI heterostructures for our SKKR-based simulations. A Bi2Se3(111) film is overlaid on
PdTe(001). Region II (interface region) consists of Bi2Se3 films of 1–6 QLs (about 1–6 nm) and four PdTe atomic layers, while regions I
and III are semi-infinite PdTe and vacuum layers, respectively. The color code is as follows: Pd (brown), Te (blue), Se (green), Bi (purple).
(b) SKKR-calculated BSF contours and (c) DOS for bulk PdTe (dashed vertical line: EF ) and (d) SKKR-calculated BSF contours for a
semi-infinite Bi2Se3 system. In (b) and (d) the BSF weight increases from white to red in vertical color bars. Dirac surface states are shown
within the bulk band gap in (d). In the SC-TI heterostructures (Fig. 2) the TI Dirac point is found near −0.29 Ry due to a shift of the Madelung
potential.

largest, while the gap from the top-surface TI state is the
smallest, independent of the thickness, chemical potential, and
TI pairing potential. The induced gap associated with a given
QWS type increases as the chemical potential decreases. The
induced gap sizes do not have a spatial dependence except
for the top-surface TI Dirac state for thick TI films. The
induced gap size from the top-surface TI Dirac state is highly
susceptible to the TI pairing potential, although that is not
the case for the induced gap from the interface TI Dirac
state.

We first discuss our systems of interest in Sec. II and
present our first-principles calculations of the electronic struc-
ture of the heterostructures in the normal state as a function
of overlayer thickness in Sec. III A. We then show our cal-
culated spectral functions of the heterostructures in the SC
state with two different TI pairing potentials as a function
of overlayer thickness and chemical potential in Sec. III B.
We make a brief comparison of our results with relevant
experimental data in Sec. III C and make a conclusion in
Sec. IV.

II. SYSTEMS OF INTEREST

To incorporate realistic electronic structures in the super-
conducting proximity effect, we simulate Bi2Se3 films of one
to six quintuple layers (QLs) overlaid on SC PdTe [Fig. 1(a)]
within the fully relativistic SKKR method [28,29]. We con-
sider such heterostructures due to the following advantages:

(i) the good lattice match at the interface, (ii) the reason-
able SC transition temperature of PdTe, (iii) the single Dirac
cone of Bi2Se3 at a given surface [26], and (iv) experimental
data on SC-Bi2Se3 heterostructures (despite different SC sub-
strates) [4–7,10]. Bulk Bi2Se3 has a rhombohedral structure
(space group 166, R3̄m) with experimental lattice constants
a = 4.143 Å and c = 28.636 Å [30]. As shown in Fig. 1,
Se-Bi-Se-Bi-Se atomic layers form 1 QL (about 1 nm) along
the [111] direction, and individual QLs are bonded via weak
van der Waals interaction. The (111) surface has a hexagonal
in-plane lattice with a lattice constant a = 4.143 Å. Bulk
PdTe has a NiAs-type hexagonal structure (space group 194,
P63/mmc) with experimental lattice constants a = 4.152 Å
and c = 5.671 Å [31]. When a Se-terminated Bi2Se3(111)
film is interfaced with a Te-terminated PdTe(001) substrate,
the in-plane lattice mismatch between Bi2Se3 and PdTe is
about 0.2%. PdTe is a type-II SC with a critical temperature
of 4.5 K [31], and its SC gap �

exp
PdTe is about 0.71 meV

(= 0.05 mRy) at zero temperature [31]. The electron-phonon
coupling of PdTe is 1.4 [31], whereas the reported electron-
phonon coupling of Bi2Se3 has an upper bound of 0.43 [32].

As required in the SKKR formalism, the SC-TI het-
erostructures are divided into three regions, I–III [Fig. 1(a)].
Regions I and III are semi-infinite PdTe and vacuum lay-
ers, respectively. Region II consists of Pd-Te-Pd-Te atomic
layers overlaid with Bi2Se3 layers (1–6 QLs) and four to
six vacuum layers on top. The heterostructures have two-
dimensional translational symmetry with the lattice constant
of Bi2Se3, 4.143 Å. Our choice of the in-plane lattice constant
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FIG. 2. (a)–(f) Total BSF contours of the Bi2Se3 overlayers (1–6 QLs) on normal-state PdTe as a function of energy and kx . BSF contours
of (g) the topmost QL, (h) the interface QL, and (i) the PdTe layers for the 5-QL TI overlayer on normal-state PdTe. The broken inversion
symmetry separates the top-surface Dirac states from the interface Dirac states. The surface-hybridization-induced gap appears near � for
(a)–(d). The four horizontal lines in (g) and (h) indicate chemical potential values: μ1 = −0.2926 Ry, μ2 = −0.2884 Ry, μ3 = −0.2610 Ry,
and μ4 = −0.2540 Ry. In (g) QWS1, QWS2, QWS3, and QWS4 are four QWSs.

is made to avoid an effect of strain on the topological surface
states [33,34]. The out-of-plane lattice constant for PdTe is
slightly expanded to conserve the volume of PdTe. Otherwise,
experimental lattice constants are used. We consider the band
structure only along the �-K direction, the kx axis, in this
work.

III. RESULTS AND DISCUSSION

In multiple-scattering theory the band structure is ob-
tained from site-dependent Bloch spectral functions (BSFs)
AB

i (E, k‖), where i denotes the ith atomic site and En(k‖) is
the nth band energy at in-plane momentum k‖. We calculate
the BSF for the ith site (located at ri) from its retarded Green’s
function G+

i (E, ri, k‖):

AB
i (E, k‖) = − 1

π
ImTr

∫
driG

+
i (E, ri, k‖), (1)

where the integration is carried out over a Wigner-Seitz sphere
around the atomic site within the atomic sphere approxima-

tion. The density of states (DOS) within the SKKR method is
obtained from an integral of the BSF over k‖, i.e., D(E ) =∑

i

∫
dk‖AB

i (E, k‖). A detailed description of the solution
of the DBdG equations within the fully relativistic SKKR
method can be found in Refs. [28,29]. A brief method descrip-
tion and computational details, including parameter values for
our simulations, are shown in Notes 1 and 2 in the Supple-
mental Material (SM) [35], respectively.

A. Electronic structure of normal state

First of all, we present calculated electronic structures of
PdTe and Bi2Se3 in the normal state separately. Figures 1(b)
and 1(c) show BSF contours and the DOS of bulk PdTe,
respectively. The calculated BSF shows a metallic nature.
There is a wide range of high electron density below the
Fermi level EF (−0.36 Ry) with a sharp DOS peak around
−1.20 Ry which arises from Te s and p orbitals. Figure 1(d)
shows BSF contours of a semi-infinite Bi2Se3 system. We
find Dirac surface states within a bulk band gap of about
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FIG. 3. BSF contours of the 5-QL overlayer on SC PdTe at μ4 = −0.2540 Ry, where the energy is in units of the bulk SC gap �PdTe (1
mRy in our calculation). (a) Interface Se, (b) middle Se, and (c) topmost Se layer BSFs. (d)–(f) Zoom-in of (c) near the induced gaps �k3, �k4,
�k5, �k6, and �k7. In (a)–(f) both electron and hole contributions are included. (g) and (j) Electron and hole BSF contours of (a). (h) and (k)
Electron and hole BSF contours of (c). (i) and (l) Electron and hole BSF contours of (f). The smallest induced gap �k7 is less than 0.1% of the
bulk SC gap, as shown in (f).

0.03 Ry as well as continuous conduction and valence band
regions. For Bi2Se3 slabs, all bands are doubly degenerate due
to time-reversal and inversion symmetries, and several QWSs
appear in the conduction and valence band regions. For an
N-QL slab, N − 1 (N − 2) QWSs appear in the conduction

(valence) band region [36], as shown in Figs. S1(b) and 1(d)
in the SM [35]. For Bi2Se3 slabs thinner than 5–6 QLs, the
top and bottom surface states hybridize, opening an energy
gap in the Dirac surface states [36,37]. This gap is referred
to as a surface-hybridization gap. The SKKR-calculated band
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structures of PdTe and Bi2Se3 agree with those using the VASP

code [38,39] (Fig. S1 in the SM [35]).
Using the above converged potentials of PdTe and Bi2Se3,

we perform fully relativistic SKKR calculations on the
Bi2Se3-PdTe heterostructure in the normal state. The Fermi
level of the heterostructure is the same as that of the bulk
PdTe. Figures 2(a)–2(f) show calculated the normal-state BSF
of the heterostructure with the TI film thickness varying from
1 to 6 QLs, where all layers are summed. The gray continuous
spectrum in the BSF is similar to that of PdTe [compare
Figs. 2(a)–2(f) with Fig. 1(b) or 2(i)]. We find that a shift
of the Madelung potential lowers the TI Dirac point around
−0.29 Ry and that the top-surface and interface Dirac states
are shifted from each other with strong modification of the
dispersion of the interface Dirac states. The slope of the
dispersion near the Dirac point is substantially reduced, and
the states lose the interface-state character somewhat away
from � [see Figs. 2(g) and 2(h)]. The top-surface (interface)
Dirac states are identified as states with a large BSF weight
onto the topmost (interface) QL. Strong hybridization of the
interface states with the substrate causes the strong modifi-
cation of their dispersion. Similar effects have been reported
in various heterostructures involving Bi2Se3 [40,41]. For thin
films (<5 QLs) we also observe an energy gap in the vicinity
of the two Dirac points which decreases with increasing TI
overlayer thickness. This gap is induced by the hybridization
between the interface and top-surface Dirac states. The shape
and number of TI QWSs, however, remain unchanged with
the substrate, but they are quite broadened compared to the
Dirac states, as shown in Figs. 2(b)–2(f). This broadening
may be caused by scattering of electrons from the substrate.
A calculated BSF with finer resolution suggests that each
broad QWS peak in Fig. 2 consists of two bands or states.
For the 5-QL overlayer on PdTe [Fig. 2(g)], chemical poten-
tial μ4 = −0.2540 Ry crosses three QWSs (labeled QWS1,
QWS2, QWS3) and the top-surface Dirac state, while chem-
ical potential μ2 = −0.2844 Ry crosses only the top-surface
and interface Dirac states. For thinner TI overlayers, chemical
potential μ4 crosses fewer QWSs compared to the 5-QL over-
layer. See Figs. S2(b), S1(e), and S1(f) for the characteristics
of the QWSs.

B. Electronic structure of the superconducting state

1. Induced spectral gap with �TI
eff = 0

Let us now consider that PdTe is in the SC state with a bulk
SC gap �PdTe of 1.0 mRy and that the TI pairing potential �TI

eff
is zero. We then calculate BSFs of the heterostructures at a
fixed chemical potential value. Our choice of the SC gap size
of PdTe �PdTe is about one order of magnitude greater than the
experimental value [31] because of our numerical accuracy
(μRy). Despite this difference, our result can still be applied
to experimental systems as long as the ratio of the induced SC
gap to the bulk SC gap is compared with experiment. Thus,
we present our calculated induced SC gap in units of �PdTe. In
our work, we vary the chemical potential value without doping
and compute BSFs in the SC state. See the SM [35], Note 2,
for the detailed procedure and justification of our method.

First, we present our result for chemical potential μ4 =
−0.254 Ry (about 520 meV above the Dirac point), which is

TABLE I. Induced SC gaps �ki in units of the bulk SC gap �PdTe

(= 1 mRy in our calculation) at ki and characteristics for the 5-QL
overlayer on SC PdTe at chemical potential μ4 = −0.2540 Ry. Due
to the numerical accuracy, any gap size less than 0.1% of �PdTe

(<1.0 μRy) is set to zero. The TI pairing potential is set to zero.
See Fig. 3. SS denotes the top-surface TI Dirac state.

i = 1 i = 2 i = 3 i = 4 i = 5 i = 6 i = 7

�ki (in �PdTe) 0.20 0.28 0.22 0.08 0.04 0.02 0
ki (0.01π/a) 5.550 5.700 6.930 6.960 7.370 7.380 8.023
Origin QWS3 QWS3 QWS2 QWS2 QWS1 QWS1 SS

similar to the experimental Fermi level of SC-TI heterostruc-
tures [6,10]. Figure 3 shows BSF contours of the 5-QL TI
overlayer on SC PdTe as a function of energy and kx at
μ4 = −0.254 Ry. Within the bulk SC gap, we find multiple
proximity-induced gaps �ki originating from multiple bands
crossing a given chemical potential, where i is the band index.
In particular, we focus on the seven induced gap sizes listed
in Table I. Two large gaps, �k1 and �k2, are clearly seen in
Figs. 3(a)–3(c). Gap sizes �k3, �k4, �k5, �k6, and �k7 are
zoomed in in Figs. 3(d)–3(f). Except for �k7, all six gap sizes
are observed in the BSFs of all TI layers. For an example,
see Fig. 4(c) in the case of �k1. Thus, these gap sizes do not
depend on z for a fixed TI-overlayer thickness. The induced
gap size is larger with smaller kx. The dispersion near the six
gap sizes arises from both electron and hole contributions [see
Figs. 3(g), 3(h) 3(j), 3(k), S3, and S4]. In the case of �k7,
however, the dispersion appears only for the topmost QL, and
it exhibits a positive (negative) slope only from the electron
(hole) contribution [see Figs. 3(i) and 3(l)].

The dispersion near the first six induced gaps suggests that
Cooper pairs of PdTe tunnel into the TI region, giving rise
to the proximity-induced gaps and Andreev bound states. The
number and size of gaps can be strongly modified with the
interface type and the band structure of non-SC. By compar-
ing the SC-state BSF to the normal-state BSF, we identify that
�k1 and �k2 originate from Cooper-pair tunneling into QWS3
and that �k3 and �k4 originate from QWS2. Similarly, �k5
and �k6 arise from Cooper-pair tunneling into QWS1, and
�k7 arises from the top-surface Dirac state (see also Fig. S5).
To elucidate the origin of the two different gap sizes from
each QWS, we plot normalized SC-state and normal-state
BSF at fixed energies and kx points near the gap size �k1.
As shown in Fig. 4(a), the two SC-state BSF qualitatively
differ from each other, while the two normal-state BSF are
indistinguishable. The state with a larger spectral weight near
the interface gives rise to a larger induced gap. Figure 4(c)
also clearly shows the two induced gaps at k1. This two-gap
feature is consistent with that of the normal-state BSF (Fig.
S6). The induced gap size overall increases as Cooper pairs
tunnel into higher-energy QWS because of stronger coupling
with the substrate. See Fig. 4(b) and Table I. The dispersion
near �k7 [Figs. 3(i) and 3(l)] is quite distinct from that near
the other gaps. Cooper pairs do not seem to efficiently tunnel
into the top-surface Dirac state which is strongly localized at
the top surface, giving rise to zero induced gap.

We now investigate the effect of chemical potential on the
proximity-induced gap at the 5-QL overlayer by considering
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FIG. 4. (a) Normalized SC-state and normal-state BSFs vs z at fixed energies and kx (near k1). The black (red) curve here corresponds to
the black (red) BSF peak at energy of −0.32�PdTe (−0.52�PdTe) in Fig. 3(a). (b) Normalized SC-state BSFs vs z at fixed kx and energies with
μ4 near �k3, �k4, �k5, �k6, and �k7. (c)–(e) Layer-resolved SC-state BSFs vs energy at k1 with μ4 (Table I) and at kx = 0.01369π/a and
0.03700π/a with μ2 for 5-QL/PdTe, respectively. The BSF of each layer is shifted and scaled. (f)–(i) BSF contours of the 5-QL and 4-QL
overlayers with μ1, respectively. (j) Induced gap from different states vs thickness at μ4. (k) �max

k /�PdTe vs thickness at μ3 and μ4. See the
main text for the definition of �max

k . The energy is in units of the SC gap of bulk PdTe �PdTe.

μ3, μ2, and μ1, as indicated in Fig. 2(g). We consider a wide
range of the chemical potential such as 0.038 Ry (= 0.52 eV)
since the Fermi level of experimental SC-TI heterostructures
can be varied by doping, TI film thickness, or growth condi-
tions from well above the bottom of the TI conduction band
to the TI Dirac point, which is about 0.5 eV [5–7,9,10]. For
μ3 five distinct gap sizes are found. Similarly to the case of
μ4, the smallest gap is zero from the top-surface Dirac state,

while the rest four gaps are as significant as those for μ4. The
dispersion near the four gaps has characteristics of Andreev
states. As chemical potential decreases, the number of gaps
decreases, whereas the gap size associated with a given QWS
type (such as QWS1, QWS2) increases. See Fig. S7. For μ2

and μ1, only two gap sizes are observed, and Andreev states
exist only near the larger gap. Figures 4(d) and 4(e) show
layer-resolved BSF with μ2, and Figs. 4(f) and 4(g) show
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FIG. 5. (a) Self-consistently calculated effective pairing potential vs z for the 5-QL/PdTe with the TI region zoomed in. (b) Layer-resolved
BSF for the 5-QL/PdTe at kx = k4 with μ4. (c) and (d) Electron and hole BSFs of the topmost Se layer corresponding to (b). In (b)–(d) the
pairing potential in (a) is used. The energy is in units of the SC gap of bulk PdTe �PdTe.

BSF of the interface and topmost layers with μ1. The two
gaps appear only closer to the interface QL or the topmost
QL. The highly suppressed slope of the dispersion does not
allow Cooper pairs to tunnel into the interface TI state until
chemical potential reaches near the Dirac points. For μ2 and
μ1, only top-surface and interface TI states are involved. The
induced gap from the interface TI state is largest among the
gaps found.

To examine the effect of TI film thickness, we plot the
smaller induced gap from each TI-state type (i.e., QWS1,
QWS2, QWS3, interface or top surface) vs thickness at μ4

[Fig. 4(j)]. We find that the induced gap from higher-energy
QWSs decays much more slowly than that from lower-energy
QWSs and that the gap from the top-surface Dirac state be-
comes zero for thickness greater than 3 QLs. Figure 4(k)
shows the “maximum” gap from the gap sizes shown in
Fig. 4(j) as a function of overlayer thickness at μ3 and μ4.
Interestingly, the maximum gap oscillates with thickness. For
overlayers thinner than 5 QLs, the surface-hybridization ef-
fect is also seen in the induced gap. The gap size from the
top-surface Dirac state becomes noticeable, and the induced
gap sizes do not depend on z. Compare Figs. 4(h) and 4(i)
with Figs. 4(f) and 4(g) for μ1. Tables in the SM [35] list all
induced gap sizes.

2. Induced spectral gap with �TI
eff �= 0

We study an effect of the TI pairing potential �TI
eff by keep-

ing �PdTe the same as before and considering that �TI
eff �= 0.

Although electron-phonon coupling of the TI cannot induce
superconductivity itself, it can create a finite pairing poten-
tial induced by the superconductor [2]. Figure 5(a) shows
the effective pairing potential �eff calculated self-consistently

for the 5-QL overlayer on PdTe using semiphenomenological
parameters within the SKKR method. See the SM [35] for the
detailed procedure. As shown in the inset, the pairing potential
decays very slowly in the TI region. With this calculated
pairing potential, we obtain BSFs for the 5-QL overlayer on
SC PdTe at μ4. As listed in Table II, the induced gap from
the top-surface Dirac state becomes noticeable with Andreev-
state characteristics [Figs. 5(b)–5(d)], whereas the gap from
high-energy QWSs does not change much compared to the
case of zero TI pairing potential. We expect that topological
edge states within the smallest induced gap can trap Majorana
zero modes with broken time-reversal symmetry [2,3] and
that pairing type of the proximity-induced superconductivity
may be identified from gap anisotropy [3] and/or unique spin-
orbital textures of the Andreev states [42].

TABLE II. Induced spectral gaps (in units of the bulk SC gap,
�PdTe = 1 mRy) for the 5-QL overlayer on SC PdTe at chemical
potential μ4 = −0.2540 Ry with two different TI pairing potentials
�TI

eff . A smaller gap is chosen when two gaps are found at kx values
close to each other. QWS1, QWS2, QWS3, and SS denote the first-
lowest, second, and third QWSs in the TI conduction band region
and the top-surface TI Dirac state, respectively. Due to the numerical
accuracy, any gap size <μRy is set to zero.

�TI
eff �= 0 [Fig. 5(a)] �TI

eff = 0

QWS3 0.220 0.200
QWS2 0.110 0.080
QWS1 0.056 0.016
SS 0.030 0
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C. Comparison with experiment

Let us make a brief qualitative comparison of our results
with experimental and model-Hamiltonian studies, consid-
ering that our SC substrate differs from those used in
experiments. References [6,10] showed momentum-resolved
proximity-induced gaps using ARPES. In Ref. [6] the
proximity-induced gap from the bulk TI state significantly
differs from the gap from the TI surface state, while in
Ref. [10] that is not the case. Our results are consistent with
the former experimental data whether �TI

eff is set to zero or
not. The discrepancy may originate from the experimental
difficulty in identifying the peak center of the spectral function
corresponding to the bulk and surface states. We find that an
accurate estimate of the induced gap from the TI surface state
requires high precision in the momentum such as 10−5π/a.
With a precision of 0.001π/a, the induced gap can be overes-
timated by two orders of magnitude. However, the induced
gap from bulk states is insensitive to the precision of the
momentum. Comparing our results to scanning tunneling mi-
croscopy experimental data [5,7], we obtain underestimated
induced gaps even for �TI

eff �= 0. Model-Hamiltonian studies
predicted the zero gap from the top-surface TI state for thick
TI overlayers [21,24], which is consistent with our result.
However, the rich features of the induced gaps that we find
were not obtained from the model-Hamiltonian approaches.

IV. CONCLUSION

In summary, we simulated Bi2Se3 films of 1-6 nm overlaid
on SC PdTe by solving the DBdG equations with two pair-
ing potential profiles within the SKKR method, finding that
multiple proximity-induced SC gaps arise from the unique TI
band structure and its modifications under the SC substrate.
The size of the induced gap strongly varies with character-
istics of TI states which are partially occupied at the Fermi

level. Cooper pairs tunnel into higher-energy QWSs more
efficiently, and the induced gap from higher-energy QWSs
decreases more slowly with increasing TI film thickness. For
thick TI films, the induced gap from the top-surface Dirac
state becomes zero with zero TI pairing potential, whereas
the gap can be substantial for finite TI pairing potential. For
a given thick TI film, the induced gap from the interface
Dirac state appears only near the interface QL, although the
induced gap size from each QWS does not depend on z. Our
findings demonstrate the importance of the consideration of
the realistic TI band structure for studies of the supercon-
ducting proximity effect, and they can be used for future
larger-scale simulations and experimental studies of topolog-
ical edge states or nanowires on SC substrates in pursuit of
Majorana zero modes.
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