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Majorana zero modes (MZMs) are spatially-localized zero-energy fractional quasiparticles with non-
Abelian braiding statistics that hold promise for topological quantum computing. Owing to the particle-
antiparticle equivalence, MZMs exhibit quantized conductance at low temperature. By utilizing variable-
tunnel-coupled scanning tunneling spectroscopy, we study tunneling conductance of vortex bound states
on FeTeos5Se0.45 superconductors. We report observations of conductance plateaus as a function of tunnel
coupling for zero-energy vortex bound states with values close to or even reaching the 2e2/h quantum
conductance (here e is the electron charge and h is Planck’s constant). In contrast, no plateaus were
observed on either finite energy vortex bound states or in the continuum of electronic states outside the
superconducting gap. This behavior of the zero-mode conductance supports the existence of MZMs in

FeT90_55890_45.

Majorana zero modes (MZMs) obey non-Abelian statistics
and have potential applications in topological quantum com-
putation (7, 2). In the past two decades, MZMs have been pre-
dicted in p-wave superconductors (3, 4) and spin-orbit-
coupled materials proximitized by s-wave superconductors
(5-8). Experimental evidence for MZMs has been observed in
various systems, including semiconductor-superconductor
nanowires (9, 10), topological insulator-superconductor het-
erostructures (ZI), and atomic chains on superconducting
substrate (12, 13). Recently, fully gapped bulk iron-based su-
perconductors have emerged as a single-material platform
for MZMs (14, 15). Evidence for MZMs in topological vortices
on the surface of FeTeys55€045 has been found by scanning
tunneling microscopy/spectroscopy (STM/S) (16-18).

At sufficiently low temperatures, the conductance of an
MZM exhibits a quantized plateau at the value of 2¢2/h, where
e is the electron charge and A is Planck’s constant (19, 20).
This quantized Majorana conductance results from perfect
resonant Andreev reflection guaranteed by the inherent par-
ticle-hole symmetric nature of MZM (2). A quantized con-
ductance plateau has been observed in an InSb-Al nanowire
system, consistent with the existence of MZMs (21). However,
some alternative explanations have not been ruled out, e.g.
the partially separated Andreev bound state (ps-ABS) can also
lead to a quantized conductance plateau which is topological
trivial (22-24). Iron-based superconductors, where STM/S
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experiments observed zero-bias conductance peaks (ZBCPs)
(16-18, 25), have large topological gaps (estimated at ~0.7
meV for Fe(Te,Se) in Ref. 16) and offer the possibility of ob-
serving Majorana quantized conductance without contami-
nation from low-lying Caroli-de Gennes-Matricon bound
states (CBSs) (16, 18). Results suggesting quantized conduct-
ance have been reported for (LiossFeo16)OHFeSe (26).
Motivated by the above prospects, we employ a variable
tunnel coupling STM/S method to study the Majorana con-
ductance over a large range of tip-sample distance in vortex
cores of FeTeos55€045 (Fig. 1A). The effective electron temper-
ature (Ter) of our STM is 377 mK as calibrated by tunneling
into aluminum (fig. S1). In STM/S, the tunnel coupling can be
continuously tuned by changing the tip-sample distance (d),
which correlates with the tunnel-barrier conductance (Gx = I,
/Vs, I is the tunneling current. Vs is the setpoint voltage) (16).
With a 2 T magnetic field applied perpendicular to the sam-
ple surface, a sharp ZBCP is observed at a vortex core (Fig.
1B). This ZBCP neither disperses nor splits across the vortex
core, as expected for an isolated MZM in a quantum-limited
vortex (16-18, 25). We perform tunnel-coupling dependent
measurement on the observed ZBCP. By putting the STM tip
at the center of a topological vortex (18), we record a set of
dl/dVv spectra with different tip-sample distances (Fig. 1C).
The ZBCP remains a well-defined peak located at zero energy
[voltage offset calibration under different tunnel couplings is
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discussed in (27)]. More significantly, we observe a unique
behavior of ZBCP under different Gy (Fig. 1C): the ZBCP peak
height saturates at a relatively high tunnel coupling (Fig. 1F),
whereas the high-bias conductance outside the supercon-
ducting gap increases monotonically as a function of Gx. This
behavior can be better visualized in a three-dimensional plot
(Fig. 1D) and a color-scale plot (Fig. 1E) that introduce an ad-
ditional axis for Gx. The zero-bias conductance reaches a plat-
eau when Gy is around 0.3 Go (Go = 2€%/h). Two plots of
conductance curves as a function of Gy are extracted from
Fig. 1, C to E. The zero-bias conductance barely changes over
a wide range of Gx (0.3 Go ~ 0.9 Gy); the average plateau con-
ductance (Gp) is equal to 0.64 G, (Fig. 1F). In contrast, the
high-bias conductance at +1.5 meV and -4.5 meV (Fig. 1G)
changes by a factor of more than three as the tip-sample dis-
tance varies.

In order to examine the particle-hole-symmetric nature of
the MZMs, we compare and contrast conductance behavior
of zero-energy MZMs and finite-energy CBSs. As demon-
strated previously, there are two distinct types of vortices, i.e.
topological (ordinary) vortices with (without) MZM, differing
by a half-integer level shift of vortex bound states (18). First,
we perform a tunnel-coupling dependent measurement on a
topological vortex (Fig. 2, A and B), which shows an MZM and
the first CBS level located at 0 meV and + 0.31 meV, respec-
tively. In contrast to MZM, we find that the conductance of
finite-energy CBS keeps increasing with Gy and shows no
plateau. We also carry out measurements on an ordinary vor-
tex. A dI/dV spectrum shows a CBS with half-odd-integer
quantization (Fig. 2C), in which the first three levels of CBSs
located at £0.13 meV, +£0.39 meV and +0.65 meV, respectively.
Again, the conductance values of all the CBSs keep increasing
and have no plateau feature in the tunnel-coupling depend-
ent measurement (Fig. 2D). As another check, we repeat the
measurement for the same location at zero magnetic field
(Fig. 2, E and F), and observe a hard superconducting gap.
The zero-bias conductance and the high-bias conductance are
plotted as functions of Gy (middle and bottom panels of Fig.
2F, respectively). It is evident that both curves keep increas-
ing as the tunnel coupling increases. This observation can be
confirmed in a z-offset plot, with a larger z-offset correspond-
ing to a smaller tip-sample distance (fig. S3). Therefore, the
conductance plateau feature has only been observed in ZBCP,
which indicates behavior unique to Majorana modes.

The plateau behavior of the zero-bias conductance pro-
vides evidence for the Majorana-induced resonant Andreev
reflection (19, 20). It has been well understood that a perfect
transmission of electrons can occur in a symmetric double-
barrier system via resonant tunneling through a single qua-
sistationary bound state (Fig. 2G). The transmission on reso-
nance is ¢%/h independent of tunnel coupling, as long as it is
identical for the two barriers (28, 29). In the case of electron

First release: 12 December 2019

WWW.Ssciencemag.org

tunneling from a normal electrode through a barrier into a
superconductor, the Andreev reflection process (30) converts
the incident electron into an outgoing hole in the same elec-
trode, resulting in a double-barrier system in the particle-
hole Hilbert space. Moreover, in the case of Andreev reflec-
tion via a single MZM, the equal amplitude of particle/hole
components, caused by the particle-antiparticle equivalence
of MZM, ensures an identical tunnel coupling with electron
and hole in the same electrode (I. = I1,) (Fig. 2H). Thus, the
resonant Andreev reflection mediated by an MZM leads to a
2¢%/h-quantized zero-bias conductance plateau, independent
of the strength of tunnel coupling at zero temperature (19, 20,
31, 32). In contrast, low-energy CBSs (33, 34) and other trivial
sub-gap states (22) do not have the Majorana symmetry, re-
sulting in unequal weights for electron/hole components. The
relationship of I'. = I}, is broken in a CBS-mediated Andreev
reflection (Fig. 2I), which leads to an absence of a conduct-
ance plateau (middle panel in Fig. 2B). Moreover, the ob-
served zero-bias conductance plateau in the vortex core
disappears after the magnetic field is removed (Fig. 3, E and
F), and hence cannot be attributed to quantum ballistic
transport (35-40).

We observed the plateau behavior of ZBCPs repeatedly in
many topological vortices [31 plateau features out of 60 meas-
urements (41)]. We perform a statistical analysis of the ob-
served plateau values G, and find that most values of G, are
located around 40% to 60% of G, = 2¢?/h (Fig. 3A). In one
case, the plateau conductance reaches Gy (Fig. 3, B to D). Both
instrumental broadening and quasiparticle poisoning in our
system can potentially induce deviation of G, from the theo-
retical quantized value 2¢*/h. To examine the possible effect
of instrumental broadening on Majorana conductance plat-
eau, we deliberately increase the instrumental broadening by
varying the modulation voltage (Vmoa), Which is defined by the
zero-to-peak amplitude of lock-in excitation. This allows us to
study the Vios-evolution of the Majorana conductance plat-
eau on a given topological vortex (Fig. 3, E and F). We find
that larger Va leads to stronger suppression of Gy of MZM.
In addition, we notice that the values of conductance plateaus
are correlated with the full width of half maximum (FWHM)
of the ZBCP measured under a large tip-sample distance
limit. We find that Gy decreases with increasing FWHM (Fig.
3@G) (detailed data are shown in fig. S5). This indicates that
the quasiparticle poisoning effect (42, 43) might also play a
role in reducing the conductance plateau value; the poison-
ing rate is expected to be spatially non-uniform in
FeTeos55€0.45, which has intrinsic inhomogeneities.

We also checked the reversibility of the process of varying
tunneling coupling in STM, and find that both the topogra-
phy and the conductance plateau can be reproduced during
two repeated sequences of varying tunneling coupling (fig.
S8), indicating the absence of irreversible damage of the tip
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and the sample during measurements. We note that other
mechanisms related to zero-bias conductance plateau, such
as inhomogeneity induced ps-ABS (22-24) and class-D weak
antilocalization (44), cannot be definitively excluded; com-
plete understanding of our experiments requires further the-
oretical efforts. Our observation of a zero-bias conductance
plateau in the two-dimensional vortex case, which ap-
proaches the quantized conductance of 2¢2/h, provides spa-
tially-resolved spectroscopic evidence for Majorana-induced
resonant electron transmission into a bulk superconductor,
moving one step further toward the braiding operation appli-
cable to topological quantum computation.
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Fig. 1. Zero-bias conductance plateau observed on FeTepssSeo4s. (A) A schematic of variable tunnel coupling
STM/S method. A zero-bias conductance map under 2.0 T is shown on a sample surface. A dl/dV spectrum
measured at the center of the vortex core (Vs = -5 mV, Iy = 500 pA, Vimea = 0.02 mV) is shown in the right-top inset; a
sharp zero-bias conductance peak (ZBCP) is observed. When the tunneling current (/1) is adjusted by the STM
regulation loop, the tunnel coupling between the STM tip and the MZM can be tuned continuously by the tip-sample
distance (d). Larger tunnel coupling corresponds to smaller d and larger tunneling-barrier conductance (Gn = It/ Vs,
V. is the setpoint voltage). z-offset can be read out simultaneously, which indicates the absolute z-direction motion
ofthe STM tip. (B) A line-cut intensity plot along the dashed white arrow in the inset, measured from the same vortex
shown in (A), showing a stable MZM across the vortex core. (C) An overlapping plot of dI/dV spectra under different
tunnel coupling values parameterized in Gn. The blue curve is measured under the smallest Gy whereas the green
curve with the largest Gn. (D) A three-dimensional plot of tunnel coupling dependent measurement, di/dV(E, Gy).
For clarity, only the data points in the energy range of [-5.0, 0.2] meV are shown. (E) A color-scale plot of (C) within
the energy range of [-1.5, 1.5] meV that shows the spectra as a function of Gn. The z-offset information, which was
taken simultaneously by STM, is provided on the upper axis. The maximum distance the tip approachedis 3.4 A. This
plot shares the same color-bar with (D). (F) A horizontal line-cut at the zero-bias from (E). The conductance curve
shows a plateau behavior with the plateau conductance (Gp) equal to (0.64 + 0.04) Go. (G) Horizontal line-cuts at
high-bias values from (E). The absence of a conductance plateau on these curves indicates conventional tunneling
behavior at the energy of continuous states. All the data are measured at T« = 377 mK.
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Fig. 2. Majorana induced resonant Andreev reflection. (A) A di/dV spectrum measured at the center of a
topological vortex (Vs = =5 mV, [t =140 nA, Vimoa = 0.02 mV), which shows an MZM (red arrow) coexisting with CBSs
located at £0.31 meV (marked by magenta and blue arrows). (B) A tunnel coupling dependent measurement on the
vortex shown in (A) at 2 T. Top panel: a color-scale plot, di/dV/(E, Gn). The Gy position of (A) is marked by a black
arrow. Middle panel: tunnel coupling evolution of CBS conductance, which shows no plateau behavior. Bottom panel:
tunnel coupling evolution of conductance at the energies of 0 meV (red circles, exhibiting a plateau) and 2 meV (black
triangles, monotonically increasing). (C) A dl/dV spectrum measured at the center of an ordinary vortex (V.=-5mV,
lt=160 nA, Vmoa = 0.02 mV), which clearly shows three levels of CBS at +0.13 meV (magenta and blue arrows), +0.39
meV (black arrow) and £0.65 meV (green arrow). (D) Similar to (B), but measured on the vortex shown in (C). Middle
and bottom panels: tunnel coupling evolution of CBS conductance, showing no plateau feature. (E) Adl/dV spectrum
measured at 0 T (Vs = =5 mV, [t = 80 nA, Vimos = 0.02 mV). A hard superconducting gap can be seen. (F) Similar to
(B) and (D), but measured under O T. Middle panel: tunnel coupling evolution of zero-bias conductance (normal
metal - superconductor junction case). Bottom panel: tunnel coupling evolution of conductance at the above gap
energy (normal metal - normal metal junction case). There is no plateau behavior at O T. (G) A schematic of resonant
tunneling through a symmetric double barrier system. The wavefunction evolution of a tunneled electron is shown.
kt is penetration constant. (H) The double-barrier view of the MZM-induced resonant Andreev reflection. The blue
and red colors indicate the electron and hole process, respectively. The equivalence of particle and hole components
in MZM ensures the same tunnel coupling on electron and hole barrier (I. = 11). (1) The double-barrier view of
Andreev reflection mediated by a CBS. The arbitrary mixing of particle-hole components in CBS breaks the
resonance condition. All the data are measured at Ter = 377 mK.
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Fig. 3. The conductance variation of
Majorana plateau. (A) A histogram of
the G, from 31 sets of data which are
measured with the same instrument.
Sorting of the plateau conductance
(Gp) in the order of increasing
magnitude can be found in fig. S9. (Vs
= -5 mV, Vma = 0.02 mV) (B) The
overlapping plot of 38 dI/dV spectra
selected from a topological vortex
that reaches a quantized
conductance plateau. (Vs = =5 mV,
Vimoa = 0.02 mV) (C) A color-scale plot
of (B) within the energy range of [-
2.5, 2.5] meV that shows the spectra
as a function of Gn. (D) A horizontal
line-cut at the zero-bias from (C). The
conductance curve shows the
conductance plateau reaches Go. (E)
A series of tunnel coupling dependent
measurements on the same MZM,
with four modulation voltages of 0.02
mV, 0.05 mV, 0.10 mV and 0.20 mV.
(F) The plot of Gp as a function of
modulation voltage of the data shown
in (E). (G) Relationship between
FWHM of ZBCP and Gp, obtained from
five different MZMs measured at the
same  experimental conditions,
suggesting that the quasiparticle
poisoning effect affects the plateau
value. The FWHM were extracted
from the spectrum measured at a
large tip-sample distance with the
same experimental parameters (Vs =
-5 mV, It = 500 pA, Ve = 0.02 mV).
All the data are measured at Tes = 377
mK.
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