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TOPICAL REVIEW — Topological superconductors

Topological superconductivity in a Bi2Te3/NbSe2 heterostructure:
A review∗

Hao Zheng(郑浩) and Jin-Feng Jia(贾金锋)†

School of Physics and Astronomy, Shanghai Jiao Tong University, Shanghai 200240, China

(Received 11 January 2019; revised manuscript received 15 April 2019; published online 29 May 2019)

Topological superconductors carry globally protected gapless boundary excitations, which are robust under local
perturbations, and thus exhibit both fundamental and applicational importance. An unconventional pairing with p-wave
symmetry, such as a nontrivial topology in the superconductor’s wavefunction, is required to generate a non-zero Berry
phase. Until now, the Bi2Te3/2H–NbSe2 heterostructure has proven to be a practical way to realize a topological su-
perconductor in real materials. This complex system, where odd numbers of spin-momentum locked Dirac cone surface
states on the topological insulator Bi2Te3 become superconducting, induced by the proximate effect from the underlying
s-wave superconductor 2H–NbSe2, realizes an effective two-dimensional (2D) spinless px + i py topological superconduc-
tor. In this review article, we summarize the recent experimental progress of the successful synthesis of Bi2Te3/2H–NbSe2
heterostructures using molecular beam epitaxy, determining the thickness limit of the heterostructure, detecting the long
thought Majorana quasiparticle inside a magnetic vortex core state by means of scanning tunneling microscopy and demon-
stration of the unique spatial and spin properties of a Majorana zero mode.

Keywords: topological insulator, topological superconductor, Majorana zero mode, scanning tunneling mi-
croscopy, molecular beam epitaxy
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1. Topological superconductor theory

Recent decades have seen a flurry of research on topo-
logical matter, including topological insulators, topological
semimetals, and topological superconductors.[1–74] Nontriv-
ial topology in solid state systems refers to a non-zero Berry
phase carried by the occupied states of Bloch wavefunctions
in an insulator or of the Bogoliubov–de-Gennes states in a
superconductor, as well as the wavefunctions on the Fermi
surface enclosing Dirac or Weyl nodes in a semimetal. Al-
though topological insulators are the first experimentally dis-
covered class of nontrivial topological materials, theoretical
investigation of topological superconductors started almost
twenty years ago, even before the term “topological matter”
was introduced. The initial theoretical proposal, which found
the first unconventional superconductor carrying a non-zero
Berry phase, was the so-called chiral p-wave superconductor
in two dimensions, whose order parameter possesses a form
of ∆e iθ = ∆(px + i py). where ∆ is the intensity of the or-
der parameter, θ is the phase, and px, py are the momenta in
two dimensions. The minimal model of a two-dimensional
chiral p-wave topological superconductor is described by the
Bogoliubov–de-Gennes mean field theory and reads as fol-

lows:

H =
1
2 ∑pΨ

+
p


p2

2m
−µ 2i∆ (px + i py)

−2i∆ (px− i py)
−p2

2m
+µ

Ψp. (1)

Note that this model ignores electron spin, and therefore Ψp is
a spineless Nambu spinor (cp, c+−p)

T. Here, p2 = p2
x + p2

y and
p2/2 m–µ depicts a single-band (free-electron like) metal in
its normal state with chemical potential µ . The Hamiltonian
can be easily diagonalized and the quasiparticle eigenvalues

are E± =±
√

(p2/2m−µ)2 +4∆ 2 p2. Based on the formulae
of the eigenvalues, one can find the existence of a nodeless full
superconducting gap as a feature of the two-dimensional chiral
p-wave superconductor. This model intrinsically breaks time
reversal symmetry, although the system does not display mag-
netism. In the case of µ > 0, the occupied states deduced from
this model carry non-zero Berry phase in the first Brillouin
zone. In other words, the model describes a superconductor
with nontrivial topology.

After the discovery of this purely theoretical model de-
scribed by Eq. (1), several realistic theories were proposed
to realize the chiral-p wave superconducting order parameter,
e.g., the Kitaev chain and spin triplet paring.[75–85] However,
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these proposals still remain elusive for further experimental
verification.

A breakthrough in realizing a topological superconduc-
tor occurred after the discovery of topological insulators. In a
topological insulator, the bulk energy bands are fully gapped,
while a gapless metallic surface state is guaranteed to ex-
ist by topological band theory. Furthermore, in momen-
tum space, the surface energy band must connect two time-
reversal-symmetry invariant points odd number of times. In
other words, there must exist odd numbers of two-dimensional
(2D) surface Dirac cones with helical spin textures inside the
bulk energy gap of a topological insulator.[1–3] Until now,
the most ideal topological insulators discovered by experi-
ments have been the Bi2Te3-class materials, including Bi2Se3,
Bi2Te3, and Sb2Te3.[10–12] These materials possess only one
helical Dirac cone on their surfaces. The surface band itself (a
two-dimensional helical Dirac cone) carries a π Berry phase,
whose Hamiltonian reads as Hsurf = (𝑝×𝑠) · ẑ, where 𝑝 is the
momentum of a surface electron, 𝑠 is its spin and ẑ is the
unit vector of a surface normal. Fu and Kane found that in-
troducing a conventional s-wave pairing to the helical Dirac
surface state on a topological insulator can mimic an effective
2D chiral p-wave superconductor.[86] The Fu–Kane Hamilto-
nian reads as

H =
1
2 ∑pΨ

+
p

(
pxsy− pysx−µ i∆sy
−i∆sy −pxsy + pysx +µ

)
Ψp.

(2)

In this model, Ψp is a full Nambu spinor. The eigenvalues

of this Hamiltonian are ±E± = ±
√
(p±µ)2 +∆ 2, which is

also fully gapped. By taking the off-diagonal terms in Eq. (2)
as a first order perturbation and solving the Hamiltonian by
assuming ∆ = 0 to get the eigenstates, the effective Hamil-
tonian of Eq. (2) under a first order perturbation approxima-
tion is nothing but a 2D spinless chiral p-wave superconduc-
tor modeled by Eq. (1). This proposal, which is based on an
unconventional surface state of a superconducting topological
insulator, has proved to be practical in experiments.[87–89] We
will discuss the experimental results in detail later.

The most exciting phenomenon in a 2D topological super-
conductor is the existence of a Majorana-type excitation inside
the Abrikosov magnetic vortex core states. In a type-II super-
conductor, the magnetic field is able to penetrate into the bulk
of the superconductor in a number of discrete areas. In each
area, the magnetic flux is quantized in terms of h/2e (where
h is the Planck constant and e is the charge of an electron)
and locally breaks the superconductivity. Such an area, whose
diameter is the London penetration length and whose flux is
quantized in h/2e, is called an Abrikosov magnetic vortex.
Thus the Abrikosov vortex produces a superconducting/non-
superconducting interface. Importantly, a quasiparticle which

moves in a circle around an Abrikosov vortex once will
pick up an additional geometrical phase of π in its wave-
function. This generates the so-called anti-periodical condi-
tion, Ψ0 (r,θ +2π) = e iπΨ0 (r,θ) = −Ψ0 (r,θ), where r and
θ are polar coordinates in 2D. By solving Eq. (2) inside an
Abrikosov vortex core with the anti-periodical boundary con-
dition, one can obtain a bound state at zero energy with eigen-
states Ψ0 = (i/

√
2)e−

∫ r
o ∆(r)dr (1,0,−1,0)T. By projecting

this state with its Nambu basis and integrating over the full
space, one can get the field operator, which is

γ
+ =

∫
dxdy

i√
2

e−
∫ r

o ∆(r)dr. (3)

Two important consequences can be easily deduced from the
zero-energy solution of Eq. (3). Firstly, the creation operator is
equal to its annihilation operator, γ+=γ , which means that the
anti-particle of this quasiparticle is itself. It is exactly a Majo-
rana fermion. Therefore, the zero-energy bound state inside an
Abrikosov vortex on a 2D topological superconductor is also
named a Majorana-zero-mode. Secondly, the Majorana-zero-
mode only contains the spin up operator of an electron. This
indicates that a Majorana-zero-mode is a spin polarized state
which can be controlled by an external magnetic field.

Topological superconductors and Majorana-zero-modes
are two important topics in contemporary condensed matter
physics, materials science and nanotechnology, with many im-
portant and recently published theoretical and experimental
results.[56–70,87–89] This article will review our experimental
realization of an effective topological superconductor and a
Majorana-zero-mode.

2. Scanning tunneling microscopy
The primary apparatus with which to experimentally ver-

ify a topological superconductor and detect a Majorana-zero-
mode is scanning tunneling microscopy (STM). STM is de-
signed based on quantum tunneling: by bringing a sharp
metallic tip very close (usually within 1 nm) to a clean sur-
face of a conducting sample, electrons can tunnel through the
vacuum barrier and form a current with a small potential dif-
ference (usually less than 10 V) between the tip and sample,
much smaller than the value required to generate a field emis-
sion effect. Importantly, by fixing the bias voltage, the in-
tensity of the tunneling current is exponentially proportional
to the tip-sample distance. A variation of 0.1 nm in the tip-
sample distance will induce a change of one order of magni-
tude in the tunneling current. Thus the atomic corrugation of
a clean surface can be detected by measuring the local value
of the tunneling current. This is the principle of using STM to
obtain an atomic image of a solid surface. However, the real
working condition of an STM is usually not to directly detect
the change in tunneling current under a constant bias voltage.
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Instead, it usually measures tiny changes in the tip position un-
der a constant current by adjusting the tip-sample distance via
a feedback mechanism and records the value at each measur-
ing point to produce a 2D image.

The tunneling current at each point can be precisely cal-
culated using the modified Bardeen model, which reads as fol-
lows:

I =
4πe
}

∫ +∞

−∞

[ fs (EF− eV + ε)− fT (EF + ε)]

×ρS (EF− eV + ε)ρT (EF + ε)
∣∣Mµν

∣∣2 dε, (4)

where f is the Fermi distribution function and ρ is the density
of states at the energy indicated in the bracket. The subscripts
S and T stand for the sample and tip respectively. Mµν is the
tunneling matrix element between the wave functions of sam-
ple and tip.

By assuming that the tip density of states in an STM is
constant near its Fermi level and that the tunneling matrix Mµν

is not dependent on energy and is thus a constant, one can eas-
ily obtain the formula of the dI/dV intensity:

dI
dV

∝ ρS (EF− eV ) . (5)

Equation (5) reveals that the dI/dV signal is directly propor-
tional to the density of states in the sample. In STM, a lock-in
amplifier is usually employed to detect the first derivative of
the tunneling current by modulating the bias with a single fre-
quency AC voltage. To obtain a reproducible dI/dV signal, a
low temperature is required to minimize the thermal drift of an
STM tip. Therefore nowadays STM is often mounted inside a
liquid helium Dewar, sometimes with a superconducting coil
installed to generate a high magnetic field.

By measuring the dI/dV spectrum at each point and
sweeping over an area of the sample surface, one can obtain
the so-called dI/dV map, which is a powerful and widely used
method for probing many important physical phenomena, such
as wavefunction mapping, quasiparticle interference imaging
and the local gating effect.[90–106]

Spin-polarized STM and STS have been successfully
achieved in previous studies.[107–110] By coating an oxide-free
metallic tip, usually made of W, with a thin film of magnetic
materials, such as Fe or Cr, one may be able to realize a spin
polarized tunneling current and thus can detect magnetic prop-
erties of a nanostructure or an atomic subject.

In our investigation of a topological superconductor and
a Majorana-zero-mode, we use dI/dV spectroscopy (some-
times with spin polarized tips) and dI/dV map techniques
with and without magnetic fields.

3. Topological superconductor based on
Bi222Te333/NbSe222 heterostructure
According to Fu–Kane theory, a topological insulator

is a critical building block of chiral p-wave superconduc-
tors. Bi2Se3 and Bi2Te3 are the most ideal topological insu-
lators found so far due to their large bulk energy gap (about
300 meV) and the presence of only one spin-momentum
locked Dirac cone on their surfaces. Therefore, most of the
attempts towards realizing topological superconductors are
based on Bi2Te3-class materials. There are two main meth-
ods for introducing s-wave superconductivity into the he-
lical Dirac surface states of topological insulators, namely
by chemical doping or the superconducting proximate effect.
Cu-, Sr-, and Nb-doped Bi2Se3 samples have demonstrated
superconductivity.[111–114] Although a number of interesting
effects have been detected on these superconducting doped
topological insulators, for example, zero energy states and
electronic nematicity,[115] evidence of Majorana-zero-modes
inside the Abrikosov vortex core is still controversial.[116] The
second approach, which is based on the superconducting prox-
imate effect, has been proved to be the only practical way.

The superconducting proximate effect means that by at-
taching a thin layer of normal metal to a superconductor, the
superconductor order parameter can penetrate into the nor-
mal metal at the length scale of the superconductor’s coherent
length, and thus drive the normal metal into a superconduct-
ing state. The intensity of the superconductivity, i.e., the size
of the superconducting gap, will decay with the distance away
from the normal metal/superconductor interface. Obviously, a
thin film of normal metal with a thickness much less than the
coherent length of the superconductor is desirable to achieve
a superconducting proximate effect. This is the motivation to
prepare an atomically thin film of Bi2Te3.[117–121]

As shown in Fig. 1(a), Bi2Te3 is a layered material. The
five Bi–Te–Bi–Te–Bi atomic layers form a basic unit cell, also
named a quintuple-layer (QL), with strong covalent bonding
between the atoms. The inter-QL interaction is the weak Van
der Waals forces, which allow the Bi2Te3 sample to be eas-
ily cleaved between QLs, leaving the Te atomic plane as the
surface termination. We employed molecular beam epitaxy
(MBE) to grow the Bi2Te3 thin films. MBE is an elabo-
rate apparatus for preparing very high-quality single-crystal
thin films, which has the capability to control the thickness
of the thin film down to only one atomic layer. In the MBE
growth of Bi2Te3 we evaporated high purity Bi and Te raw
materials simultaneously by individual Knudsen effusion cells
and condensed the material on a substrate, Si or 2H–NbSe2.
By precisely controlling the temperatures of source and sub-
strate, we can achieve single-crystalline thin film of Bi2Te3

with an atomically flat surface, displayed in the STM image
in Fig. 1(b). Layer-by-layer growth of thin films, where after
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finishing a complete layer of a material the additional layer
starts to form, enables one to prepare an ultra-thin-film while
controlling the exact number of atomic layers. High-energy
reflection electron diffraction is widely used in MBE systems
to monitor the growth process in real time. The oscillation
of the intensity of the diffraction spot is the “smoking gun”
evidence of layer-by-layer growth. Figure 1(c) demonstrates
such oscillation curves in our experiments, which prove that
the layer-by-layer mode is achieved in our Bi2Te3 growth on
a Si substrate with a growth rate of one QL per approximately
5 min.

Topological insulators carry nontrivial topology in their
bulk, where the topological invariant is the Z2 index. The Z2

nature of the topology results in the effect that if the film is
too thin, the surface states on the top and bottom surfaces in
the thin film topological insulator can hybridize, which will
gap out the Dirac node. Therefore, finding the thickness limit
above which the topological insulator surface state can sur-
vive is a valuable task. We employed MBE to prepare a se-
ries of Bi2Te3 thin films with increasing thicknesses and used
angle resolved photoemission spectroscopy (ARPES) to exam

the surface energy band structures.[118] Figures 1(d), 1(e), and
1(f) present the ARPES maps which measure the surface bands
along the Γ –M direction on Bi2Te3 thin films with thicknesses
of 1 QL, 3 QL, and 5 QL, respectively. On the 1-QL Bi2Te3

surface, ARPES clearly observes a free-electron-like parabolic
dispersed surface state and a broad bulk valence band at about
500 meV below the Fermi level. There is an approximately
300 meV energy gap between the bottom of the surface state
and the top of the bulk valence band. The lack of evidence
to show a Dirac-cone shaped surface band proves heavy hy-
bridization between the top and bottom surfaces on this 1-QL
thin film. The situation drastically changes if we increase the
Bi2Te3 film to 3 QLs. As shown in Fig. 1(e), an electron
pocket from the bulk conduction band appears at the Fermi
level and a hole pocket from the bulk valence band is located
below −380 meV. In between, a linearly dispersed surface
band is explicitly resolved, and is the evidence of the forma-
tion of the Dirac-cone-type topological surface state. Further
increasing the Bi2Te3 film thickness to 5 QLs, the topological
feature in the Bi2Te3 energy bands remains intact. Therefore,
the thickness limit of a Bi2Te3 thin film on Si substrate is 3 QL.

(a) (b) (c)
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(d) (e) (f)

Fig. 1. (a) a structure model of the Bi2Te3 topological insulator, (b) a scanning tunneling microscope (STM) image (500 nm×500 nm) demonstrating
the atomically flat epitaxial Bi2Te3 thin film. Inside is the Bi2Te3 lattice (2.5 nm×2.5 nm), (c) high-energy reflection electron diffraction intensity
oscillation curves proving the layer-by-layer growth mode of Bi2Te3 thin films under the indicated parameters. The remaining figures show angle
resolved photoemission spectroscopy (ARPES) intensity maps from Bi2Te3 thin films of 1 (d), 3 (e), and 5 (f) quintuple-layers at liquid nitrogen
temperature. All panels are adopted from Ref. [118].

After ascertaining the growth condition of Bi2Te3 on the

Si substrate, we moved to prepare the thin film topological in-

sulator on a superconductor. 2H–NbSe2 is a layered material

with a superconducting transition temperature at 7 K and with

a conventional s-wave paring symmetry. Instead of Bi2Te3, we

choose its cousin material Bi2Se3 to grow on NbSe2 because

both the epitaxial layer and the substrate are selenides. Fig-

ures 2(a)–2(c) demonstrate the ARPES band maps at 3 QL,
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6 QL, and 9 QL of Bi2Se3 thin films with NbSe2 substrates,
respectively.[70] For the 3-QL sample, the data reveal an elec-
tron pocket with Rashba-type spin–orbital band splitting from
the bulk conduction band of Bi2Se3 and a weak hole pocket
from the bulk valence band of Bi2Se3. Inside the bulk energy
gap, a free-electron-like parabolic shaped band rather than a
Dirac-cone shaped surface band can be discerned. This proves
that 3 QL is too thin to establish the topological properties of a
Bi2Se3 thin films on NbSe2. For the sample with 6-QL thick-
ness, one can observe a number of parabolic electronic bands

at the Fermi level, these are the quantum well states of the
bulk conduction band of Bi2Se3 due to the finite size confine-
ment in the surface normal direction. Between the conduction
and valence bands, a Dirac-cone shaped surface state is clearly
resolved. The Dirac node is located at the binding energy of
about 420 meV, which is distinguishable from the bulk valence
bands. The ARPES measurement of the 9-QL sample gives
rise to an almost identical result when compared to the 6-QL
sample. This thus proves that 6 QL is the thickness limit of a
Bi2Se3 film on NbSe2 substrate.
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Fig. 2. ARPES intensity maps of 3 (a), 6 (b), and 9 (c) QL of Bi2Se3 thin films grown on 2H–NbSe2 superconductors. (d) dI/dV spectra
demonstrating that the superconducting gap on the Bi2Se3 thin films is at the indicated thickness. (e) and (f) Spin-resolved ARPES data for a
4-QL Bi2Se3 thin film on a NbSe2 substrate. Panels (a)–(d) are reproduced from Ref. [70], while panels (e) and (f) are from Ref. [120].

The two key factors to realize a Fu-Kane-type topologi-

cal superconductor are the coexistence of an s-wave supercon-

ductor order parameter and the spin helical Dirac-type surface

state. Our dI/dV spectra of bare NbSe2 and Bi2Se3 films with

different thicknesses at a sample temperature of 4.2 K are dis-

played in Fig. 2(d).[70] The spectra on Bi2Se3 thin films up

to 7 QL also demonstrate superconducting gaps at the Fermi

level. In addition to the fact that NbSe2 features an s-wave su-

perconducting gap in the dI/dV spectrum (not shown here),

we confirm that the epitaxial Bi2Se3 thin films become su-

perconducting with s-wave paring through the proximate ef-

fect. The next important issue is the evidence of helical spin-

textured Dirac surface states on the samples. Xu et al. re-

ported their spin-resolved ARPES results, which are presented

in Figs. 2(e) and 2(f). They measured the surface states of 4-

QL Bi2Se3 thin films on a NbSe2 substrate. By identifying
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the spin orientation of these electrons on the surface bands at
the Fermi level, they discovered that the spins were locked to
the electron momenta, and that the spin configurations were
opposite to each other, by comparing the electrons from the
left and right propagating branches of a surface Dirac cone.
In other words, the helical spin textures establish on the 4-
QL Bi2Se3 thin film. Taking the aforementioned experimental
evidence together, we now know that Fu-Kane-type topologi-
cal superconductivity is realized on Bi2Se3 epitaxial thin films
with thicknesses larger than 4 QL, which are deposited on a
conventional s-wave superconductor 2H–NbSe2.

4. Majorana zero mode
Our experimental detection of a Majorana-zero-mode is

based on the Bi2Te3 thin films on the NbSe2 substrate. Due to
almost identical physical properties, especially the analogous
bulk and surface band structure between Bi2Te3 and Bi2Se3,
we believe that the Bi2Te3/2H–NbSe2 heterostructure is also
an effective chiral p-wave topological superconductor. Indeed,
our experiment verifies this point.[121–123]

In order to experimentally detect a Majorana-zero-mode,
the location of the Fermi level is critical. Previous theoretical
work has established that if only the Fermi level cuts through
the surface energy bands, the Majorana-zero-mode will be eas-
ily and clearly resolved. However, if the bulk bands of the
topological insulator films also contribute to the low energy
excitations, the Majorana-zero-mode will carry a discrete an-
gular momentum and become more complicated. The para-
doxical issues escalate if the Fermi level only passes surface
states. This situation means that the bulk of the thin film topo-
logical insulator is insulating, which will extensively suppress
the superconducting proximate effect. Therefore, one has to

search for an optimized sample to realize a Majorana-zero-
mode. Shown in Fig. 3(a), we measured large-energy-scale
dI/dV spectra of 3-QL and 5-QL Bi2Te3 epitaxial films on a
NbSe2 substrate. Both spectra show typical insulator behavior
with well-defined energy gaps. The red and blue arrows point
to the bulk conduction and valence bands respectively. It can
be seen that on the 3-QL sample, the bulk conduction-band
bottom is located at about 100 meV below Fermi level, which
means that a large part of bulk state exists at the Fermi level.
On the contrary, the bulk conduction-band bottom of the 5-QL
sample sits almost exactly on the Fermi level, which renders
the sample an ideal platform for detecting a Majorana-zero-
mode. Moreover, we also measure small-energy-scale dI/dV
spectra on a series of heterostructures with different Bi2Te3

film thicknesses at the sample temperature of 0.4 K. On all
Bi2Te3 films with thicknesses from 1 QL to 11 QL, supercon-
ducting gaps can be clearly discerned.[121]

Another important issue in realizing a Majorana-zero-
mode is the confirmation of the existence of an Abrikosov
vortex. It requires both the superconducting substrate and
the superconducting thin film topological insulator induced by
the proximate effect to be type-II superconductors. The rea-
son we choose NbSe2 as a substrate is not only because it is
a layered material which can be easily cleaved, but also be-
cause it is a type-II superconductor. Indeed, our zero energy
dI/dV map taken on bare NbSe2 under a magnetic field of
0.75 T reveals a hexagonal symmetric Abrikosov vortex lat-
tice. Furthermore, on our 3-QL Bi2Te3/NbSe2 heterostruc-
ture, an Abrikosov vortex lattice with slight disorders can be
resolved, this is displayed in Fig. 3(c). To summarize, our
Bi2Te3/NbSe2 heterostructure is ready to test a Majorana-zero-
mode in its Abrikosov vortex core state.[121]
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Fig. 3. (a) large-energy-scale dI/dV spectra on Bi2Te3/NbSe2 heterostructures at indicated thicknesses. The red arrow points to the bulk
conduction band of Bi2Te3, and the blue points to the valence band. (b) Small-energy-scale dI/dV spectra of Bi2Te3/NbSe2 heterostructures
at indicated thicknesses which reveal superconductivity persisting at up to 11 QL of Bi2Te3 thin films. (c) Abrikosov vortex lattice maps of
NbSe2 and 3-QL Bi2Te3 samples at 0.75-T magnetic field. All panels are reproduced from Ref. [121].
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4.1. The spatial properties of a Majorana-zero-mode

A Majorana-zero-mode is located at zero energy and is
expected to give rise to a zero-bias peak in a small-energy-
scale dI/dV spectrum. It is thus speculated to discover an
Majorana-zero-mode merely by observing a zero-bias peak
in a dI/dV spectrum. However, this simple proposal is not
correct since one can also obtain a zero-bias peak in the
Abrikosov vortex core on NS, which is clearly not a topo-
logical superconductor. In a real material system, the con-
ventional in-gap states, so-called Caroli–de Gennes–Matricon
states, must be taken into account. Inside an Abrikosov vor-
tex, the magnetic field can destroy the superconductivity in the
vortex’s central area and thus drive the vortex core to a nor-
mal metal state. Previous theoretical work found that normal
metal states at the vortex core could also become quantized,
with the several excited states inside the superconducting gap.
In a topological insulator/s-wave superconductor heterostruc-
ture case, the first excited Caroli–de Gennes–Matricon state
is located at the energy of 0.83∆ 2/

√
∆ 2 +E2, where ∆ is the

superconducting gap on the topological insulator surface and
E is the energy distance from the Fermi level to the energy of
the surface Dirac node.[124–131] In our experiment, due to a ∆

of only about 1 meV and an E of about 100 meV, the first ex-
cited state in the Bi2Te3/NbSe2 heterostructure is at only about
0.01 meV. This Caroli–de Gennes–Matricon state is so close to
zero energy that it is already beyond the energy resolution of
any model experiments, and thus manifests itself as a zero-
bias peak in a dI/dV spectrum. Therefore, solely detecting

a zero bias peak is far from “smoking gun” evidence to prove
the exitance of an Majorana-zero-mode.

We designed a method to ambiguously verify the
Majorana-zero-mode based on its spatial properties. Previ-
ous theoretical work[87] found that the spatial distribution of
a Majorana zero mode could be described by

P(r) =
2
r

exp
(
−2∆r

hvF
−K0

( r
λ

))
, (6)

where P(r) describes the occupation possibility of a Majorana
zero mode at a distance r away from the center of an Abrikosov
vortex. ∆ is the superconducting gap of the topological insu-
lator surface states. vF is the Fermi velocity of the Bi2Te3 thin
film’s surface band. λ is the London penetration length. K0

is a zero-order modified Bessel function. Equation (6) reveals
that the occupation possibility of a Majorana-zero-mode, i.e.,
the spectral weight of a zero-bias peak in a dI/dV spectrum,
slowly decays with distance r instead of abruptly dropping to
zero. It indicates that the existence of a Majorana-zero-mode
gives rise to a spatial range of dI/dV spectrum peaks exactly
located at zero energy. On the contrary, a Caroli–de Gennes–
Matricon state cannot persist with its energy when moving
away from the Abrikosov vortex center. Instead, this state will
shift to a higher energy as r changes. The different spatial dis-
tribution between a Majorana-zero-mode state and a Caroli–de
Gennes–Matricon state is used to distinguish a Majorana-zero-
mode.
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Fig. 4. (a) A single Abrikosov vortex map, (b) a series of dI/dV spectra measured along the dotted line in panel (a). (c)–(e) False color plots
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zero mode. All panels are reproduced from Ref. [122].
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In order to find a Majorana-zero-mode, a single
Abrikosov vortex was adopted rather than Abrikosov vortex
lattice, because the vortex interaction inside a vortex lattice
could destroy a Majorana-zero-mode. In our Bi2Te3/NbSe2

heterostructure, we found that the Majorana-zero-mode sur-
vived at a magnetic field below 0.18 T. Figure 4(a) displays
a single Abrikosov vortex map. We measured a series of
position-dependent dI/dV spectra to exhibit the spatial evo-
lution of the in-gap states.[122]

In Figs. 4(c)–4(e), we plot the position-dependent dI/dV
spectra as false-color coded three-dimensional maps, where
the x axis shows bias voltage, the y axis represents the dis-
tance away from an Abrikosov vortex center, and the color
code stands for the intensity of the dI/dV signal. For both
1 QL and 3 QL of BT films on NS, it can be seen that the
zero bias peaks immediately split into two peaks whose ener-
gies are not at zero any more, when moving away from the
Abrikosov vortex center. However, for the 5-QL sample, the
situation is clearly different. The dI/dV peak remains at zero
bias even at a distance of 20 nm away from the Abrikosov
vortex center. Based on the comparison, we conclude that an
Majorana-zero-mode with a spatial size of 20 nm was explic-
itly detected in a single Abrikosov vortex on our 5-QL Bi2Te3

/ NbSe2 heterostructure.

4.2. The spin properties of a Majorana-zero-mode

Based on Fu–Kane theory, i.e., Eq. (3), a Majorana-zero-
mode arising from an s-wave superconducting topological in-
sulator surface state is fully spin polarized. Later, a more com-
plicated theory considered not only the surface state but also
the bulk state in a topological insulator and discovered that a
Majorana-zero-mode possesses a quantized total angular mo-
mentum j, where j = l + s/2− 1/2. l and s are the orbit and
spin angular momentums respectively.[127,128] It was revealed
that the topological bound states in an Abrikosov vortex core
(anti clockwise wound) read as(

u(r)
v(r)

)
=

(
e i(lφ)U j,E (r)
e−i(lφ)Vj,E (r)

)
. (7)

U j,E(r) and Vj,E(r) are the electron and hole wavefunctions,
respectively. r and φ are the length and angle of a two-
dimensional (2D) vector, respectively. If the total angular mo-
mentum is j = 0 and energy is E = 0, the state can be rec-
ognized as a Majorana-zero-mode. Moreover, the Majorana-
zero-mode is predicted to be doubly degenerate. j = 0 re-
quires either l = 0 and s = 1 (a spin up state) or l = 1 and
s = −1 (a spin down state). More importantly, the theory re-
veals that the spectral weight of a spin up Majorana-zero-mode
is much stronger than that of a spin down state in the center of
an Abrikosov vortex. In other words, even when the influence
from the topological insulator’s bulk band is considered, the

Majorana-zero-mode in the vortex center can still be treated
as a spin polarized state. To date, there have been no other low
energy bound states which are spin polarized. Therefore, this
spin property is unique to a Majorana-zero-mode.
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Fig. 5. (a) Polarization-dependent dI/dV spectra measured at the geometric
center of a vortex under a magnetic field of 0.1 T and temperature of 40 mK
on a 5-QL Bi2Te3/NbSe2 sample. B controls the spin direction of a Majo-
rana zero mode, while M is the spin-polarization direction of the tip. When
the polarizations are parallel between the tip and the Majorana zero mode,
the intensity of the zero-bias peak is enhanced, and when the polarizations
are antiparallel, the intensity is suppressed. Panels (b) shows similar spectra
to panel (a) but measured on a 3-QL Bi2Te3/NbSe2 sample. No polarization-
dependent zero-bias peak intensity of dI/dV contrast can be observed. All
panels are reproduced from Ref. [123].

In an STM measurement, if one replaces the tip from a
normal metal to a magnetic metal, a spin polarized STM is
achieved. In our ultra-low temperature (30 mK) STM exper-
iments, we coated clean W wire with several tens of nm of
Fe. The Fe tip can be polarized by external magnetic field
at about 2 T and remain polarized at a field below 2 T. On
the contrary, a field of only about 0.1 T is required to cre-
ate a Majorana-zero-mode in a single Abrikosov vortex core
state on our Bi2Te3/NbSe2 samples.[123] In Fig. 5(a), we show
a series of polarization dependent dI/dV spectra measure-
ments on the center of an Abrikosov vortex at 0.1 T on our
5-QL Bi2Te3/NbSe2 heterostructure. These data show that if
the polarizations of the tip and the Majorana-zero-mode are in
the same direction, the dI/dV signal is enhanced. If the po-
larizations are antiparallel to each other, the dI/dV signal is
suppressed. This phenomenon is induced by the spin depen-
dent Andreev reflection which comes from a Majorana-zero-
mode. In controllable experiments, no obvious polarization-
dependent variations in dI/dV zero bias peak intensity can
be observed in the 3-QL (and thinner) Bi2Te3/NbSe2 samples,
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because no Majorana zero modes exist on these samples. We
thus experimentally established the spin-polarized nature of a
Majorana-zero-mode in the Abrikosov vortex center.

5. Summary
In this article, we briefly review our recent experimental

progress in realizing an effective chiral p-wave topological su-
perconductor in Bi2Te3/NbSe2 heterostructures with a Bi2Te3

thin film thickness higher than 4 QL, all prepared by molecular
beam epitaxy. Under a magnetic field below 0.18 T, we dis-
covered a Majorana-zero-mode existing inside an Abrikosov
vortex core state. The Majorana-zero-mode occurs in an area
with radius of about 20 nm. Moreover, the Majorana-zero-
mode at the position of the vortex center carries a spin po-
larized configuration. Our results open a new avenue toward
non-Abelian statistics and future’s fault tolerance quantum
computation.[56–62]
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