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We present a theory for the differential shot noise, dS/dV , as measured via shot-noise scanning tunneling
spectroscopy, and the differential conductance, dI/dV , for tunneling into Majorana zero modes (MZMs) in the
putative topological superconductor FeSe0.45Te0.55. We demonstrate that for tunneling into chiral Majorana edge
modes near domain walls, as well as MZMs localized in vortex cores and at the end of defect lines, dS/dV
vanishes whenever dI/dV reaches a quantized value being equal to the quantum of conductance. These results
are independent of the particular orbital tunneling path, thus establishing a vanishing dS/dV concomitant with a
quantized dI/dV , as universal signatures for Majorana modes in two-dimensional topological superconductors,
irrespective of the material’s specific complex electronic band structure.
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Introduction. The unambiguous experimental identification
of Majorana zero modes (MZMs) in topological supercon-
ductors, the putative building blocks for topological quantum
computing, has remained a major challenge. While it has been
predicted that the differential conductance, dI/dV , for tunnel-
ing into MZMs is quantized both for one-dimensional [1,2]
and two-dimensional topological superconductors [3], and
that the shot noise associated with the tunneling into Majorana
modes exhibits various characteristic signatures [1,4–10], the
experimental verification of these predictions has remained
difficult due to the close proximity of trivial in-gap states,
as well as small superconducting gaps. Recent experiments,
however, have provided enthralling evidence for the existence
of topological surface superconductivity in the iron-based su-
perconductor FeSe0.45Te0.55 possessing a full s±-wave gap of
a few meV. In particular, these experiments have reported the
existence of a surface Dirac cone [11], of MZMs in the vortex
core [12–14] and at the end of line defects [15] in monolayer
FeSe0.45Te0.55, and of a Majorana edge mode at a domain wall
[16]. While the physical origin of this putative topological
phase has remained a question of debate, being ascribed ei-
ther to the existence of a topological insulator whose surface
Dirac cone is gapped out by proximitized superconductivity
[11,17], or to the interplay [18] of an s±-wave gap, a Rashba
spin-orbit interaction, and recently observed surface ferro-
magnetism [19,20], the question naturally arises as to what
type of universal physical observables associated with the
existence of localized MZMs or chiral Majorana edge modes
can be expected in the multiorbital FeSe0.45Te0.55 compound.

The development of scanning tunneling shot-noise spec-
troscopy [21–25] has opened a new approach to investigating
this question as it allows the direct measurement of the local
shot noise associated with electron tunneling into a Ma-
jorana mode, thus complementing the measurement of the
differential conductance (for a review on the experimental

implementation of shot noise measurements, see Ref. [26]).
Using a Keldysh Green’s function approach, we compute
the differential shot noise, dS/dV , and differential conduc-
tance, dI/dV , using a recently proposed five-orbital model for
FeSe0.45Te0.55 in which the topological superconducting phase
arises from the interplay of surface magnetism, a Rashba
spin-orbit interaction, and a hard superconducting gap with s±
symmetry [18]. Specifically, we study dS/dV and dI/dV for
three different occurrences of Majorana modes: a chiral Majo-
rana edge mode at a domain wall, and MZMs in vortex cores
and at the end of line defects. We demonstrate that for each
of these cases, the electron tunneling into a Majorana mode
is accompanied by a vanishing differential shot noise, dS/dV ,
and a quantized differential conductance, dI/dV , being equal
to the quantum of conductance. Since these results hold for
tunneling into each of the five relevant orbitals, they demon-
strate that a quantized dI/dV , and a vanishing dS/dV are
universal signatures for Majorana modes in two-dimensional
topological superconductors, that are independent of the mate-
rial’s specific complex electronic band structure. This, in turn,
allows one to employ the vanishing of the differential shot
noise as a local marker to detect topological phases. Finally,
we show that the measurement of a nonvanishing supercurrent
along a domain wall using a scanning SQUID (superconduct-
ing quantum interference device) microscope (SSM) [27] is
a third characteristic signature for the existence of Majorana
modes, thus complementing those features found in dS/dV
and dI/dV . The combination of our results points toward new
possibilities for the experimental identification of Majorana
modes in complex electronic materials.

Theoretical model. To investigate the shot noise and dif-
ferential conductance associated with the tunneling into Ma-
jorana modes on the surface of FeSe0.45Te0.55, we consider a
two-dimensional five-orbital model [28,29] that was obtained
from a fit to angle-resolved photoemission spectroscopy

2469-9950/2022/105(22)/L220504(6) L220504-1 ©2022 American Physical Society

https://orcid.org/0000-0001-7602-6686
https://orcid.org/0000-0003-3692-2835
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.105.L220504&domain=pdf&date_stamp=2022-06-21
https://doi.org/10.1103/PhysRevB.105.L220504


KA HO WONG et al. PHYSICAL REVIEW B 105, L220504 (2022)

(ARPES) and scanning tunnelig spectroscopy (STS) ex-
periments [29] and was recently proposed to explain the
emergence of topological superconductivity in FeSe0.45Te0.55

as arising from the interplay between (i) a full superconduct-
ing s±-wave gap, (ii) surface magnetism, evidence for which
was recently reported by ARPES [19] and quantum sensing
[20] experiments, and (iii) a Rashba spin orbit interaction that
arises from the breaking of the inversion symmetry on the
surface. The resulting Hamiltonian in real space is given by

H0 = −
5∑

a,b=1

∑
r,r′,σ

t ab
r,r′c†

r,a,σ cr′,b,σ −
5∑

a=1

∑
r,σ

μaac†
r,a,σ cr,a,σ

+ iα
5∑

a=1

∑
r,δ,σ,σ ′

c†
r,a,σ (δ × σ)z

σσ ′cr+δ,a,σ ′

− J
5∑

a=1

∑
r,σ,σ ′

Sr · c†
r,a,σ σσσ ′cr,a,σ ′

+
5∑

a=1

∑
〈〈r,r′〉〉

�aa
rr′c†

r,a,↑c†
r′,a,↓ + H.c. (1)

Here a, b = 1, . . . , 5 are the orbital indices corresponding to
the dxz, dyz, dx2−y2 , dxy, and d3z2−r2 orbitals, respectively, −t ab

rr′
represents the electronic hopping amplitude between orbital a
at site r and orbital b at site r′ on a two-dimensional square
lattice, μaa is the on-site energy in orbital a, c†

r,a,σ (cr,a,σ )
creates (annihilates) an electron with spin σ at site r in orbital
a, and σ is the vector of spin Pauli matrices. The supercon-
ducting order parameter �aa

rr′ represents intraorbital pairing
between next-nearest neighbor Fe sites r and r′ (in the 1
Fe unit cell), yielding a superconducting s±-wave symmetry
[29]. Moreover, α represents the Rashba spin-orbit interaction
arising from the breaking of the inversion symmetry at the
surface [30] with δ being the vector connecting nearest neigh-
bor sites. Sr denotes the ferromagnetically ordered moment
[19,20] of magnitude S which is locally exchange coupled to
the conduction electrons via an interaction J . The observation
of ARPES experiments [19] are consistent with a considerable
fraction of the ordered magnetic moment aligned perpen-
dicular to the surface, such that we assume an out-of-plane
ferromagnetic alignment of Sr for concreteness. In the normal
state, the Hamiltonian of Eq. (1) yields three Fermi surfaces
in the 1-Fe Brillouin zone whose orbital character implies that
the superconducting order parameter is nonzero only in the
dxz, dyz, and dxy orbitals [29]. Finally, as shown in Ref. [18],
this model exhibits a series of topological phases that are
characterized by the Chern number, C.

To compute the differential conductance and differential
shot noise in a topological superconducting phase, we em-
ploy the Keldysh Green’s function formalism [31,32]. In
general, there exist five different tunneling amplitudes, ta
(a = 1, . . . , 5), for electron tunneling between the tip and the
five d orbitals in the system [33]. For simplicity, we assume
for the results shown below that only one of these tunneling
amplitudes is nonzero at a time. In addition, we assume that
the electrons tunnel into a single site r of the system, an
assumption that is justified by the picometer spatial resolution
of STS experiments [34]. The current flowing between the tip

and orbital a at site r in the system is then given by

I (V ) = 2eta
h

∑
σ=↑,↓

∫ ∞

−∞
dε Re[G<

ts (r, a, σ, σ, ε)], (2)

with a = 1, . . . , 5 being the orbital indices, and for the zero-
frequency shot noise we find

S(ω = 0,V )

= 2e2t2
a

h

∑
σ,σ ′=↑,↓

∫ ∞

−∞
dε[G>

tt (σ, σ ′, ε)G<
ss(σ

′, σ, ε)

+ G>
ss(σ, σ ′, ε)G<

tt (σ ′, σ, ε) + [F>
ss (σ, σ ′, ε)]∗

× F<
tt (σ ′, σ, ε) + [F>

tt (σ, σ ′, ε)]∗F<
ss (σ ′, σ, ε)

− G>
ts (σ, σ ′, ε)G<

ts (σ ′, σ, ε) − G>
st (σ, σ ′, ε)G<

st (σ ′, σ, ε)

− [F>
st (σ, σ ′, ε)]∗F<

st (σ ′, σ, ε)

− [F>
ts (σ, σ ′, ε)]∗F<

ts (σ ′, σ, ε)]. (3)

Here, G, F are the normal and anomalous Green’s functions,
with t, s denoting the sites of the tip and the system between
which electrons tunnel, and all Green’s functions involving
the system are evaluated at site r and for orbital a [for details,
see Supplemental Material (SM) [35], Sec. I]. dI/dV and
dS/dV are then obtained by differentiating Eqs. (2) and (3),
respectively.

Results. There are three distinct cases in which Majorana
modes emerge from the above described theoretical model
for FeSe0.45Te0.55: chiral Majorana edge modes along domain
walls, MZMs located in vortex cores, as well as MZMs lo-
cated at the end of line defects [18]. We begin by studying
the form of dS/dV and dI/dV for chiral Majorana edge
modes that emerge at a domain wall separating a topological
C = 1 region from a trivial C = 0 region. The observation of
strong disorder in FeSe0.45Te0.55 [36,37], combined with the
fact that MZMs are not observed in all vortex cores, suggest
that such domain walls could be realized on the surface of
FeSe0.45Te0.55. In Fig. 1(a), we present the electronic dis-
persion as a function of momentum along the domain wall,
showing two Majorana modes traversing the superconducting
gap. We note that as we consider a system with periodic
boundary conditions, the system considered here contains two
domain walls, with a Chern number change of �C = 1 at
each of the domain walls, resulting in two Majorana modes,
one located at each of the domain walls. In Fig. 1(b), we
show a linecut of the local density of states across the domain
wall: it shows an almost energy independent spectral weight
inside the superconducting gap near the domain wall, arising
from the chiral Majorana edge mode. In order to identify the
universal features of the differential shot noise and differen-
tial conductance associated with the tunneling into a single
Majorana state of this chiral edge mode, however, we need to
(i) resolve the Majorana states in energy, which can be done
by considering a finite length of the domain wall, leading to
discretized energy levels as revealed by the LDOS shown in
Figs. 1(c), and (ii) ensure that a finite lifetime of the Majorana
states arises solely from its coupling to the tip. In Fig. 1(d),
we present the voltage dependence of both dS/dV and dI/dV
near the lowest-energy Majorana state, for tunneling into the
dxy orbital. Note that due to the finite size of the system we
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FIG. 1. Domain wall with α = 7 meV separating a topological
C = 1 region with JS = 7.5 meV from a trivial C = 0 region with
J = 0. (a) Electronic dispersion as a function of momentum along the
domain wall. The chiral Majorana edge mode traverses the supercon-
ducting gap. (b) LDOS along a linecut perpendicular to the domain
wall. (c) Low-energy LDOS in which individual Majorana states are
energetically resolved. dS/dV (red line) and dI/dV (black line) for
(d) the lowest-energy Majorana state, and (e) for a state near the gap
edge with E = 1.9245 meV. (f) Spatial profile of the supercurrent
near the domain wall.

consider, the lowest-energy Majorana state is located at a
very small, but finite energy. As previously reported, we find
that dI/dV reaches the quantum of conductance, G0, at the
energy of the Majorana state [3], implying that at this energy,
the transmission amplitude reaches unity. A qualitatively new
feature of the Majorana modes is revealed by the differen-
tial shot noise, dS/dV , which vanishes at that bias where
dI/dV reaches G0. Defining a transmission amplitude T (V )
via dI/dV = G0T (V ), we find that the differential shot noise
obeys dS/dV ∼ T (V )[1 − T (V )] (see SM, Sec. II). This is
similar to the previously established relation between the cur-
rent I and noise S [38], and accounts for the discrete nature of
the MZM. The same result holds for tunneling into any of the
other d orbitals that possess spectral weight at the domain wall
(see SM, Sec. II), implying that a quantized conductance and
vanishing differential shot noise are universal features that are
independent of the complex multiorbital structure of a topo-
logical superconductor. We note, however, that the width of
the dI/dV and dS/dV curves, which arises from the coupling
between the orbitals and the tip, varies between the orbitals,

FIG. 2. (a) Linecut of the LDOS through the center of a vortex
core in the topological C = 1 phase with (α, JS) = (7, 8) meV for a
uniform magnetic flux of 1 Wb, revealing the existence of a MZM.
(b) dI/dV (black line) and dS/dV (red line) for tunneling into the
MZM for the dxy orbital.

as follows from a comparison of the results shown in Fig. 1(d)
with those for the dxz orbital in Fig. S1(a) (see SM, Sec. II).
This is a direct consequence of the different spectral weight of
the Majorana mode in the five d orbitals, which is accounted
for in our calculations as we compute the Green’s functions in
Eqs. (2) and (3) both in real and orbital space. Thus, our results
reveal orbital-dependent effects both in dI/dV and dS/dV .

Moreover, a quantized dI/dV and vanishing dS/dV are
also found for higher-energy Majorana states, until one ap-
proaches states near the gap edge. Indeed, for states close to
the gap edge, we find significant deviations of dI/dV from
G0, while dS/dV does not vanish any longer, as shown in
Fig. 1(e). This demonstrates that both a quantized value for
dI/dV and the vanishing of dS/dV are hallmarks of chiral
Majorana edge modes. Concomitant with these results, we
find that the domain wall carrying a chiral Majorana edge
mode also gives rise to a nonvanishing supercurrent that flows
parallel to the domain wall, as shown in Fig. 1(f). In contrast,
as previously shown [18], domain walls that possess only
trivial low-energy states do not not exhibit a net supercurrent
along the domain wall. Since such supercurrents can be de-
tected using an SSM scanned along the domain wall [27], the
combination of dI/dV , dS/dV , and SSM measurements can
provide strong evidence for the existence of Majorana modes
along a domain wall.

We next study the differential shot noise associated with
the tunneling into a localized MZM in a vortex core by im-
plementing the magnetic field via the Peierls substitution and
compute the spatial dependence of the superconducting order
parameters in the dxz, dyz, and dxy orbitals self-consistently
(for details, see Ref. [18]). In Fig. 2(a) we plot a linecut of
the LDOS through the center of the vortex core in the C = 1
phase, which reveals the existence of a MZM in its center
(see black arrow). In Fig. 2(b), we present dS/dV and dI/dV ,
associated with the tunneling into this localized MZM. As
expected, we again find that at the bias when dI/dV reaches
the quantized quantum of conductance, dS/dV vanishes. As
shown in SM, Sec. III, this result holds for tunneling into
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any of the d orbitals, again supporting our conclusion that
these results are universal and independent of any complex
electronic band structure.

Finally, we consider the emergence of zero-energy states
at the end of line defects, recently observed in monolayer
FeSe0.5Te0.5 deposited on a SrTiO3 substrate [15], whose
spatial structure is similar to that expected for MZMs. It
is presently unclear whether these MZMs are a characteris-
tic feature of an underlying topological phase as argued in
Ref. [18], similar to line defect MZMs predicted to occur
in topological (px + ipy)-wave superconductors [39], or are
independent of it, simply utilizing the monolayer’s complex
electronic structure to form a one-dimensional topological
superconductor as proposed in Refs. [15,40,41]. Indeed, it is
presently unknown whether the FeSe0.5Te0.5/SrTiO3 system
itself is topological or not. While the mechanism proposed in
Refs. [11,17] requires a three-dimensional bulk structure, and
thus would not apply to this system, the mechanism described
by Eq. (1) could give rise to topological superconductivity
if FeSe0.5Te0.5/SrTiO3 were also to exhibit ferromagnetism
(which is presently unknown). Here, we follow the argu-
mentation of Ref. [18], which has demonstrated that the
emergence of MZMs at the end of line defects is a charac-
teristic feature of the underlying topological phase. To study
dS/dV and dI/dV associated with these line defect MZMs,
we represent the line defect for simplicity as a line of potential
scatterers (though magnetic scatterers could also be realized
[40,41]) described by the Hamiltonian

Hde f = U0

5∑
a=1

∑
R,σ

c†
R,a,σ cR,a,σ , (4)

where U0 is the potential scattering strength, and the sum
runs over all sites R of the line defect. As previously shown
[18], when the underlying system is in a topological phase,
there exist certain ranges of the scattering potential U0 in
which localized zero-energy states emerge at the end of the
line defect, whose spatial LDOS structure is consistent with
that of MZMs, as shown in Fig. 3(a). In contrast, the next
higher-energy state is delocalized along the chain, as shown
in Fig. 3(b). This qualitative difference between these two
states is also reflected in the form of dI/dV and dS/dV . For
tunneling into the lowest-energy state, we again find that when
dI/dV reaches G0, dS/dV vanishes, as shown in Fig. 3(c),
establishing that this state is a MZM. This result holds for
tunneling into all of the five Fe d orbitals (see SM, Sec. IV).
In contrast, for the next higher-energy state [see Fig. 3(d)],
dI/dV does not reach G0, and dS/dV does not vanish, imply-
ing that this state is not topological in nature. Since dS/dV
vanishes at the energy of a Majorana mode, a measurement
of dS/dV can be employed to identify topological phases. For
example, consider the evolution of the lowest-energy state, E0,
associated with the line defect as a function of the scattering
strength U0 shown in Fig. 3(e). For those regions of U0 with
E0 = 0 (shown with a gray background), we find that the
differential shot noise for tunneling into the dyz and dx2−y2

orbitals also vanishes. In contrast, already for small deviations
of E0 from zero, on the order of 1% of the superconducting
gap size, dS/dV exhibits significant deviations from zero,
indicating that the lowest-energy state is no longer topolog-

FIG. 3. Spatial structure of the LDOS around a line defect
with (α, JS) = (7, 7.5) meV for (a) the lowest-energy state at
E0 = 0.000 786 meV, and (b) the next higher-energy state at E1 =
0.0595 meV. The line defect has a length L = 120a0 with scattering
strength U = 72.5 meV. (c), (d) The respective dI/dV (black line)
and dS/dV (red line) for tunneling into the dxy orbital near energies
corresponding to panels (a) and (b), respectively. (e) The energy of
the lowest-energy state, as well as dS/dV for tunneling into the dxy

and dx2−y2 orbitals, as a function of U0.

ical. Moreover, to further elucidate the differences between
MZMs and trivial (near) zero-energy states, we compare in
SM, Sec. V the spatially resolved transport signatures of a
line defect MZM with those of a trivial Yu-Shiba-Rusinov
state [42–44] induced by a magnetic impurity; the latter can be
tuned to zero energy by adjusting the magnetic scattering po-
tential. In addition to the examples discussed above, this com-
parison again shows that the transport signatures of MZMs
and trivial (near) zero-energy states are qualitatively different,
implying that dS/dV and dI/dV represent a sensitive probe
for the topological nature of (near) zero-energy states.

Finally, we want to briefly discuss the effects of disorder
and finite temperature on the results presented above. To
consider the former, we added some disorder in the form of
additional potential scattering sites to the end of the line defect
shown in Fig. 3 (see SM, Sec. VI for details). This disorder
neither affects the existence of the MZM (in agreement with
earlier results [3]), nor changes the quantization of dI/dV or
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the vanishing of dS/dV for tunneling into the MZM. We thus
conclude that our results are robust against disorder effects, as
long as the disorder is not strong enough to destroy the topo-
logical phase [45]. Moreover, while a nonzero temperature
leads to a deviation of dI/dV and dS/dV from their T = 0
results, we find that these deviations are strongly suppressed
(see SM, Sec. VI) as long as kBT is smaller than the energy
width of the MZM induced by its coupling to the STM tip,
in qualitative agreement with earlier results for dI/dV [46].
Thus, by moving the STM tip closer to the surface, and
hence increasing the tunneling amplitude, thermal broadening
effects can be reduced. The unique form of dI/dV and dS/dV
related to an MZM are of course lost once kBT is sufficiently
large to excite trivial higher-energy states.

Conclusions. In conclusion, we have studied the form of
the differential noise, dS/dV , and the differential conduc-
tance, dI/dV , for tunneling into localized MZMs in vortex
cores and at the end of line defects, and into chiral Majo-
rana edge modes in FeSe0.45Te0.55. Using a five-band model
that was previously extracted from fits to ARPES and STS
experiments [29], we demonstrated that for all three cases,
when the differential conductance dI/dV reaches the quan-
tum of conductance, the differential shot noise, dS/dV , as
measured via scanning tunneling shot noise spectroscopy,
vanishes. In contrast, for low-energy states that are trivial,
dS/dV remains finite. These results demonstrate that dS/dV
is a sensitive probe for the topological nature of low-energy
states, being able to discriminate between topological and

trivial low-energy states. This ability, in turn, can be employed
to detect topological phase transitions. These results hold
for tunneling into any of the Fe d orbitals of FeSe0.45Te0.55,
demonstrating that they are independent of the material’s
specific complex electronic band structure. In addition, we
showed that a nonzero net supercurrent flows along domain
walls separating topological and trivial regions, in contrast ro
domain walls that possess only trivial low-energy states, as
previously shown [18]. Thus, the combination of differential
shot noise, differential conductance, and measurements of
local supercurrents via scanning probe microscopy techniques
can provide a unique fingerprint for the existence of topologi-
cal Majorana modes.
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