RESEARCH

TOPOLOGICAL MATTER

Nearly quantized conductance plateau of vortex zero
mode in an iron-based superconductor

Shiyu Zhu“?*, Lingyuan Kong"?*, Lu Cao"?*, Hui Chen'?*, Michat Papaj®, Shixuan Du?*5,
Yuging Xing"2, Wenyao Liu®?, Dongfei Wang"?, Chengmin Shen'*, Fazhi Yang'?, John Schneeloch®,
Ruidan Zhong®, Genda Gu®, Liang Fu®, Yu-Yang Zhang®"*t, Hong Ding"%>*{, Hong-Jun Gao"?*%+

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 using variable-tunnel-coupled
scanning tunneling spectroscopy, we studied tunneling conductance of vortex bound states on FeTegs5S€e0 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 2e?/h quantum conductance (where
e is the electron charge and h is Planck’s constant). By 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 FeTeg 55S€.45.

ajorana zero modes (MZMs) obey non-

Abelian statistics and have potential

applications in topological quantum

computation (7, 2). In the past two

decades, MZMs have been predicted
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 heterostructures (11),
and atomic chains on superconducting sub-
strate (12, 13). Recently, fully gapped bulk
iron-based superconductors have emerged as
a single-material platform for MZMs (14, 15).
Evidence for MZMs in topological vortices on
the surface of FeTe, 555€ 45 has been found with
scanning tunneling microscopy/spectroscopy
(STM/S) (16-18).

At sufficiently low temperatures, the con-
ductance 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 conduct-
ance results from perfect resonant Andreev
reflection guaranteed by the inherent particle-
hole symmetric nature of MZM (2). A quan-
tized conductance plateau has been observed
in an InSb-Al nanowire system, which is con-
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sistent with the existence of MZMs (21). How-
ever, some alternative explanations have not
been ruled out; for example, the partially sep-
arated Andreev bound state (ps-ABS) can also
lead to a quantized conductance plateau that
is topologically trivial (22-24). Iron-based su-
perconductors, in which STM/S experiments
observed zero-bias conductance peaks (ZBCPs)
(16-18, 25), have large topological gaps [esti-
mated at ~0.7 meV for Fe(Te,Se) in (16)] and
offer the possibility of observing Majorana
quantized conductance without contamination
from low-lying Caroli-de Gennes-Matricon
bound states (CBSs) (16, 18). Results suggest-
ing quantized conductance have been reported
for (Lig g4Feo16)OHFeSe (26).

Motivated by the above prospects, we used
a variable-tunnel-coupling STM/S method to
study the Majorana conductance over a large
range of tip-sample distance in vortex cores of
FeTeg 555€0.45 (Fig. 1A). The effective electron
temperature (7T.¢) of our STM is 377 mK, as
calibrated by tunneling into aluminum (fig. S1).
In STM/S, the tunnel coupling can be contin-
uously tuned by changing the tip-sample
distance (d), which correlates with the tunnel-
barrier conductance (Gy = I/Vs, where I is
the tunneling current and V is the setpoint
voltage) (16). With a 2-T magnetic field ap-
plied perpendicular to the sample surface,
we observed a sharp ZBCP 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 performed tunnel-coupling-
dependent measurement on the observed
ZBCP. By putting the STM tip at the center
of a topological vortex (18), we recorded a set
of differential conductance (dI/dV) spectra
with different tip-sample distances (Fig. 1C).
The ZBCP remained a well-defined peak lo-
cated at zero energy [voltage offset calibration
under different tunnel couplings is discussed
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in (27)]. We observed a distinct behavior of
ZBCP under different Gy (Fig. 1C): The ZBCP
peak height saturates at a relatively high tun-
nel coupling (Fig. 1F), whereas the high-bias
conductance outside the superconducting gap
increases monotonically as a function of Gy.
This behavior can be better visualized in a
three-dimensional plot (Fig. 1D) and a color-
scale plot (Fig. 1E) that introduce an addi-
tional axis for Gy. The zero-bias conductance
reaches a plateau when Gy is around 0.3 G,
(Go = 2€%/h). Two plots of conductance curves
as a function of Gy were extracted from Fig. 1,
C to E. The zero-bias conductance barely
changes over a wide range of Gy (0.3 Gy ~
0.9 Gy); the average plateau conductance
(Gp) is equal to 0.64 G, (Fig. 1F). By contrast,
the high-bias conductance at +1.5 and 4.5 meV
(Fig. 1G) changes by a factor of more than
three as the tip-sample distance varies.

To examine the particle-hole-symmetric na-
ture of the MZMs, we compared and con-
trasted conductance behavior of zero-energy
MZMs and finite-energy CBSs. As demonstrated
previously, there are two distinct types of
vortices: topological vortices with MZM and
ordinary vortices without MZM, differing by
a half-integer level shift of vortex bound states
(18). First, we performed a tunnel-coupling-
dependent measurement on a topological vortex
(Fig. 2, A and B), which showed an MZM and
the first CBS level located at 0 and + 0.31 meV,
respectively. In contrast to MZM, we found that
the conductance of finite-energy CBS keeps in-
creasing with Gy and shows no plateau. We
also carried out measurements on an ordi-
nary vortex. A dI/dV spectrum showed a CBS
with half-odd-integer quantization (Fig. 2C),
in which the first three levels of CBSs were
located at +0.13, +0.39, and +0.65 meV, re-
spectively. Again, the conductance values of
all the CBSs kept increasing and had no plateau
feature in the tunnel-coupling-dependent
measurement (Fig. 2D). As another check,
we repeated the measurement for the same
location at zero magnetic field (Fig. 2, E and
F) and observed a hard superconducting gap.
The zero-bias conductance and the high-bias
conductance were plotted as functions of Gy
(Fig. 2F, middle and bottom, respectively). It
is evident that both curves keep increasing as
the tunnel coupling increases. This observa-
tion can be confirmed in a z-offset plot, with a
larger z-offset corresponding to a smaller tip-
sample distance (fig. S3). Therefore, the con-
ductance plateau feature has only been observed
in ZBCP, which indicates behavior specific to
Majorana modes.

The plateau behavior of the zero-bias con-
ductance provides 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 sym-
metric double-barrier system by means of
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Fig. 1. Zero-bias conductance plateau observed on

FeTeg 555€0.45. (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 dI/dV spectrum measured at
the center of the vortex core (Vs = =5 mV, I = 500 pA,
Vimod = 0.02 mV) is shown in the top right inset; a sharp
ZBCP is observed. When the tunneling current (/;) is adjusted
by the STM regulation loop, the tunnel coupling between

Fe(Te,Se) -4

-2 0 2
Energy (meV)

the STM tip and the MZM can be tuned continuously with
the tip-sample distance (d). Larger tunnel coupling
corresponds to smaller d and larger tunneling-barrier
conductance (Gy = Ii/Vs, where Vs is the setpoint voltage).
z-offset can be read out simultaneously, which indicates the

absolute z direction motion of the 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
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stable MZM across the vortex core. (C) An overlapping plot of dI/dV spectra under different tunnel coupling values parameterized in Gy. The blue curve is
measured under the smallest Gy, whereas the green curve is measured with the largest Gy. (D) A three-dimensional plot of tunnel coupling-dependent measurement,
di/7dV(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 Gy. The z-offset information, which was taken simultaneously by STM, is provided on the top axis. The maximum

distance the tip approached is 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 were measured at Tes = 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, ; = 140 nA,
Vinod = 0.02 mV), which shows a MZM (red arrow) coexisting with CBSs
located at +0.31 meV (indicated with magenta and blue arrows). (B) A tunnel-
coupling—dependent measurement on the vortex shown in (A) at 2 T.
(Top) A color-scale plot, dI/dV(E, Gy). The Gy position of (A) is indicated with a
black arrow. (Middle) Tunnel coupling evolution of CBS conductance, which
shows no plateau behavior. (Bottom) 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 dI/dV spectrum measured at the
center of an ordinary vortex (Vs = =5 mV, I = 160 nA, Vg = 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) Tunnel coupling
evolution of CBS conductance, showing no plateau feature. (E) A dI/dV
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spectrum measured at 0 T (Vs = =5 mV, I = 80 nA, Vioq = 0.02 mV). A hard
superconducting gap can be seen. (F) Similar to (B) and (D), but measured
under O T. (Middle) Tunnel-coupling evolution of zero-bias conductance
(normal metal-superconductor junction case). (Bottom) Tunnel coupling
evolution of conductance at the above gap energy (normal metal-normal metal
junction case). There is no plateau behavior at 0 T. (G) A schematic of resonant
tunneling through a symmetric double-barrier system. The wave function
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'e = I'y). (I) 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 were measured at Te = 377 mK.
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Fig. 3. The conductance variation of Majorana plateau. (A) A histogram of the Gp from 31 sets of data,
which were 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, Vi10q = 0.02 mV). (B) The overlapping plot

of 38 dI/dV spectra selected from a topological vortex that reaches a quantized conductance plateau

(Vs ==5mV, Vi0q = 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 Gy. (D) A horizontal line-cut at the zero-bias from (C). The
conductance curve shows that the conductance plateau reaches Go. (E) A series of tunnel-coupling—

dependent measurements on the same MZM, with four modulation voltages of 0.02, 0.05, 0.10, and 0.20 mV.

(F) The plot of Gp as a function of modulation voltage of the data shown in (E). (G) Relationship between

class-D weak antilocalization (44), cannot be
definitively excluded; complete understanding
of our experiments requires further theoretical
efforts. Our observation of a zero-bias conduct-
ance plateau in the two-dimensional vortex
case, which approaches the quantized con-
ductance of 2¢%/h, provides spatially resolved
spectroscopic evidence for Majorana-induced
resonant electron transmission into a bulk
superconductor, moving one step further
toward the braiding operation applicable

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, Iy = 500 pA, Vioq = 0.02 mV). All the data were measured at Te; = 377 mK.

resonant tunneling through a single quasista-
tionary bound state (Fig. 2G). The transmis-
sion on resonance is e¢*/h independent of
tunnel coupling, as long as it is identical for
the two barriers (28, 29). In the case of elec-
tron 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
electrode, resulting in a double-barrier sys-
tem in the particle-hole Hilbert space. More-
over, in the case of Andreev reflection by
means of 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 (T, =
I'y) (Fig. 2H). Thus, the resonant Andreev re-
flection 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). By contrast,
low-energy CBSs (33, 34) and other trivial
subgap states (22) do not have the Majorana
symmetry, resulting in unequal weights for
electron-hole components. The relationship of
I'e = I'}, is broken in a CBS-mediated Andreev
reflection (Fig. 2I), which leads to an absence
of a conductance plateau (Fig. 2B, middle).

Zhu et al., Science 36'7, 189-192 (2020)

Moreover, the observed 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 ballis-
tic transport (35-40).

We observed the plateau behavior of ZBCPs
repeatedly in many topological vortices [31
plateau features out of 60 measurements
(41)]. We performed a statistical analysis of
the observed plateau values Gp and found that
most values of Gp are located around 40 to
70% of Gy = 2¢/h (Fig. 3A). In one case, the
plateau conductance reaches G, (Fig. 3, B to
D). Both instrumental broadening and quasi-
particle poisoning in our system can potentially
induce deviation of Gp from the theoretical
quantized value 2¢%/h. To examine the possible
effect of instrumental broadening on Majorana
conductance plateau, we deliberately increased
the instrumental broadening by varying the
modulation voltage (Vinoq), Which is defined by
the zero-to-peak amplitude of lock-in excitation.
This allowed us to study the V,oq-€volution of
the Majorana conductance plateau on a given
topological vortex (Fig. 3, E and F). We found
that larger V/,,,q leads to stronger suppression
of Gp of MZM. In addition, we noticed that the
values of conductance plateaus are correlated
with the full width of half maximum (FWHM)
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to topological quantum computation.
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Reaching a conductance plateau

The surface of the iron-based superconductor FeTeq 55Seq 45 satisfies the necessary conditions to support
topological superconductivity. Under the application of a magnetic field, vortices with zero-bias peaks that are consistent
with Majorana bound states have been observed. Using scanning tunneling spectroscopy, Zhu et al. studied the
conductance of these states as the tip-sample distance was reduced (see the Perspective by Sau). The researchers
found that the value of the conductance increased and eventually saturated. For one of the vortices they studied, the
conductance reached a quantized value that is characteristic of the Majorana bound states.

Science, this issue p. 189; see also p. 145
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