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Quantized Conductance of Majorana Zero Mode in the Vortex of the Topological
Superconductor (Li0.84Fe0.16)OHFeSe ∗
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The Majorana zero mode (MZM), which manifests as an exotic neutral excitation in superconductors, is the
building block of topological quantum computing. It has recently been found in the vortices of several iron-based
superconductors as a zero-bias conductance peak in tunneling spectroscopy. In particular, a clean and robust
MZM has been observed in the cores of free vortices in (Li0.84Fe0.16)OHFeSe. Here using scanning tunneling
spectroscopy, we demonstrate that Majorana-induced resonant Andreev reflection occurs between the STM tip
and this zero-bias bound state, and consequently, the conductance at zero bias is quantized as 2𝑒2/ℎ. Our results
present a hallmark signature of the MZM in the vortex of an intrinsic topological superconductor, together with
its intriguing behavior.

PACS: 74.45.+c, 74.70.Xa, 03.75.Lm DOI: 10.1088/0256-307X/36/5/057403

A peak at zero energy in tunneling spectroscopy
is an important hallmark, but not sufficient proof, for
identifying an MZM. For example, although the exis-
tence of an MZM is predicted at the ends of a strongly
spin-orbital-coupled semiconductor nanowire in the
presence of a proximate superconductor and a large
Zeeman field,[1−7] there are alternative interpretations
for the experimental observations of zero energy peaks
in these systems.[8−12] More-compelling evidence for
an MZM is that the zero-bias peak possesses the quan-
tized universal conductance, 𝐺0 = 2𝑒2/ℎ, in tun-
neling experiments, due to resonant Andreev reflec-
tion and the particle-hole symmetry of the MZM.[13]

At zero temperature, this Majorana-induced resonant
Andreev reflection (MIRAR) would give the quantized
conductance regardless of the coupling strength,[13]

and at finite temperature, the quantized conductance
may be observed when the tunneling coupling is suf-
ficiently strong.[1,14] The quantized conductance of a
zero-bias conductance peak (ZBCP) was first observed
in the tunneling spectrum of a hybrid device between
superconducting aluminum and an InSb nanowire.[15]

It thus strongly supports the existence of MZMs in
semiconductor nanowire devices, although the ulti-
mate proof of Majorana physics would be a demon-
stration of non-Abelian statistics.[16−18]

The vortex core of a topological superconductor

or superconducting heterostructure is another promis-
ing platform for MZMs.[19−24] For example, experi-
mentalists have observed a ZBCP well separated from
the usual off-zero-bias Caroli-de Gennes-Matricon
(CdGM) states in the vortex cores of Fe(Te,Se)[25] and
(Li0.84Fe0.16)OHFeSe.[26] Although an MZM seems
the most likely origin of the ZBCP, other Majorana
signatures such as quantized conductance have not
been observed. Unlike in more-complex nanowire sys-
tems, there is only vacuum between the tip and the
surface of the topological superconductor in a scan-
ning tunneling microscope (STM) experiment. There-
fore, this provides an advantageous platform to study
the properties of the MZM, such as MIRAR.

In this Letter, we report a millikelvin STM study
on properties of the ZBCP in the vortex core of
(Li0.84Fe0.16)OHFeSe. We find that the conductance
of the ZBCP indeed approaches the quantized con-
ductance of 2𝑒2/ℎ as the tip gradually approaches the
sample surface. This provides strong evidence for the
existence of an MZM in the vortex core of a topologi-
cal superconductor.

High-quality single-crystalline superconducting
films of (Li0.84Fe0.16)OHFeSe used here were grown on
a LaAlO3 substrate by a matrix-assisted hydrothermal
epitaxial method, as described in Ref. [27]. The full
width at half maximum (FWHM) of their x-ray rock-
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ing curves is 0.1∘–0.12∘, indicative of their high qual-
ity. They have a superconducting transition temper-
ature 𝑇c = 42K. The measurements were conducted
in a UNISOKU dilution refrigerator STM at 𝑇 = 20
mK. The lowest effective electron temperature of the
system, 𝑇eff , is calibrated to be 160 mK, which yields
an energy resolution of 3.5𝑘

B
𝑇eff = 50µV (see part

I of the supplementary materials). The sample was
cleaved at 78 K in ultrahigh vacuum with a base pres-
sure of 5×10−11 Torr and immediately transferred into
the STM module. Pt/Ir tips were used after being

treated on a clean Au(111) surface. Bias voltage 𝑉b

is applied to the sample with carefully calibrated zero
point (see part II of the supplementary materials). The
𝑑𝐼/𝑑𝑉 spectra were collected by a standard lock-in
technique (with a modulation frequency 𝑓 = 873 Hz
and a typical modulation amplitude ∆𝑉 = 0.05 mV),
and by numerically differentiating the 𝐼/𝑉 curve to
calibrate the absolute value of tunneling conductance
(see part III of supplementary materials for more de-
tails).
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Fig. 1. (a) STM image of a cleaved (Li0.84Fe0.16)OHFeSe thin film (𝑉b = 30mV, 𝐼 = 30 pA). Inset: atomically
resolved image. (b) Normalized superconducting gap spectra taken along the arrow across a defect-free area (set
point: 𝑉b = 20mV, 𝐼 = 80pA). (c) Normalized 𝑑𝐼/𝑑𝑉 spectra taken across a free vortex core (along the arrow
in the inset). Inset: zero-bias 𝑑𝐼/𝑑𝑉 map of the square area marked in (a) under 𝐵 = 8.5T, which shows a free
vortex core. (d) Red curve: averaged 𝑑𝐼/𝑑𝑉 spectrum near the core center (set point: 𝑉b = 3mV, 𝐼 = 60 pA).
The tunneling conductance is calibrated by scaling to the numerical differential of the 𝐼/𝑉 curve (see part III of the
supplementary materials). Blue dashed curve: Lorentzian fit to the ZBCP, with an FWHM of 0.10meV. (e) Spatial
dependence of the 𝑑𝐼/𝑑𝑉 spectra in panel (c), shown in a false-color plot.

Figure 1(a) shows a clean region of the FeSe sur-
face of (Li0.84Fe0.16)OHFeSe with an atomically re-
solved lattice (inset image). The tunneling spectra
exhibit a flat-bottomed superconducting gap with a
double-peak structure (Fig. 1(b)). Under a magnetic
field 𝐵 = 8.5 T, one can find a free vortex in the

defect-free region (shown in the inset of Fig. 1(c)), as
reported previously.[26] Figures 1(c) and 1(e) show the
low-energy 𝑑𝐼/𝑑𝑉 spectra taken across a free vortex
core. Because of the present high energy resolution,
discrete vortex states can be clearly resolved, reveal-
ing finer structures of the off-zero-bias vortex states
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than in our previous data taken at 0.4K.[26] These
off-zero-bias states deserve further examination in the
future. Here we focus on the sharp peak at zero en-
ergy that does not shift upon leaving the core, which
was assigned as an MZM.[26] In Fig. 1(d), we show an
averaged 𝑑𝐼/𝑑𝑉 spectrum over a ±1 nm region of the
core center, measured at a setpoint of 𝑉b = 3 meV
and 𝐼 = 60 pA (effective tunneling barrier resistance:
𝑅N = 5 × 107 Ω). A Lorentzian fit to the ZBCP gives
an FWHM of 0.10meV,[14] much narrower than that
previously measured at 𝑇 = 0.4 K[26] and only slightly
wider than the present energy resolution. The fi-
nite peak width arises from both tunneling broadening

from the STM tip and the finite-temperature broaden-
ing, probably with some additional mechanisms such
as dissipation effects.

Nevertheless, we note that the tunneling conduc-
tance of the ZBCP in Fig. 1(d) is much lower than
𝐺0 (2𝑒2/ℎ). This is due to both the low tunnel-
ing transmission or large tunneling barrier strength
(𝑅N ≫ ℎ/𝑒2) and the finite electron temperature,
which further broadens and lowers the conductance
peak in the low transmission limit. Although the 𝑇eff

of our system is only about 0.4% of 𝑇c, apparently it
is still not sufficient to observe the quantized conduc-
tance at such a low transmission.
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Fig. 2. (a) Evolution of the 𝑑𝐼/𝑑𝑉 spectra as a function of increasing tunneling transmission (reduced tunneling
barrier strength) reflected by 𝐺N = 𝐼set/𝑉b (𝑉b = −1.7mV), for vortex 1. The tunneling conductance is calibrated
in a similar way to that described in part III of the supplementary materials. (b)–(e) Selected 𝑑𝐼/𝑑𝑉 spectra taken
at different 𝐺N for vortex 1. (f) Evolution of the 𝑑𝐼/𝑑𝑉 spectra as a function of 𝐺N for vortex 2 (𝑉b = −0.9mV).
(g)–(l) Selected 𝑑𝐼/𝑑𝑉 spectra taken at different 𝐺N for vortex 2. (m) Evolution of the 𝑑𝐼/𝑑𝑉 spectra for 𝐺N’s in
the range of (0.8 𝐺0, 1.2 𝐺0) for vortex 2, where a zero-bias peak with conductance exceeding 𝐺0 is observed. The
spectra in (f)–(m) are obtained by directly differentiating the 𝐼/𝑉 curve.

To enhance the tunneling transmission, we gradu-
ally reduce the distance between the STM tip and the
sample surface. This is achieved by increasing the set-
point tunneling current 𝐼set at fixed bias voltage 𝑉b.
We then define 𝐺N = 𝐼set/𝑉b, which reflects the trans-
missivity of the tunneling barrier. In Fig. 2, we show
the 𝑑𝐼/𝑑𝑉 spectra taken at the cores of two free vor-
tices while incrementally reducing the tip-sample dis-
tance, where the starting 𝐼set is already much higher
than that for data in Fig. 1. For vortex 1 (Fig. 2(a)),
as 𝐺N increases the conductance of the ZBCP first in-
creases rapidly, then starts to saturate around 0.9𝐺0.
The off-zero-bias peaks are greatly enhanced as well.
Figures 2(b)–2(e) show four representative spectra at

different 𝐺N: at low 𝐺N (Figs. 2(b) and 2(c)), the
spectral line shape evolves slowly with increased 𝐺N,
and the ZBCP remains sharp. However, starting at
𝐺N = 0.36𝐺0 (Fig. 2(d)), the off-zero-bias states grow
quickly in the spectrum, which causes broadening of
the central peak. In the high-transmission cases such
as shown in Fig. 2(e), the two side peaks off zero bias
become higher than the zero-bias peak. However, it
is notable that conductance at zero-bias remains more
or less fixed, within the experimental uncertainty.

Figure 2(f) shows the data of another vortex (vor-
tex 2), where the ZBCP is weaker than that shown
in Fig. 2(a). In this case, we managed to further in-
crease 𝐺N beyond 𝐺0, and found that although the
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side peaks can exceed 𝐺0 at sufficiently large 𝐺N, the
zero-bias conductance saturates around 𝐺0 over an ex-
tended 𝐺N range. This is a remarkable feature which
points to the quantization of zero-bias conductance.
Figures 2(g)–2(l) show six representative spectra at
different 𝐺N’s. At low 𝐺N, only the ZBCP is pro-
nounced (Fig. 2(g)). With increasing 𝐺N, two side
peaks show up and the feature at zero bias is signif-
icantly broadened (Figs. 2(h)–2(j)). Then the spec-
trum turns into a double-peak structure (Figs. 2(k)–
2(l)), which keeps the zero-bias conductance around
𝐺0. Such a broadening observed in both vortices indi-
cates strong tunneling broadening due to strong cou-
pling between the tip and the sample, which enables
the observation of quantized conductance.[1] Eventu-
ally, as the tip further approaches the sample surface,
the two off-zero-bias peaks are further enhanced, and
they merge and overwhelm the zero-bias peak (ma-
genta curves in Fig. 2(m)). As a result, the zero-bias
conductance seems to suddenly exceed 𝐺0.
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Fig. 3. Summary of the zero-bias conductance as a func-
tion of 𝐺N for (a) vortex 1, and (b) vortex 2. The inset
in (b) depicts the tunneling between the STM tip and the
vortex states, where the MZM (red) is mostly located in
the center of vortex core, while some other off-zero-bias
vortex states (cyan and yellow) surround it. Due to the
finite size of the tip, the tunneling between the tip and
these vortex states is enhanced when the tip is sufficiently
close to the sample, even when the sharpest point of the
tip is at the center.

We note that to enhance 𝐺N or tunneling transmis-

sion, we have gradually increased 𝐼set up to 80 nA. To
examine whether such a large tunneling current may
affect the superconducting properties, we checked the
superconducting spectrum outside the vortex core, as
shown in Fig. S4 in the supplementary materials. The
superconducting gap size is slightly reduced at high
current, whereas the overall line shape remains the
same.

Figure 3 summarizes the zero-bias conductance as
a function of 𝐺N from two extensive sets of 𝑑𝐼/𝑑𝑉
spectra, including those in Fig. 2. The zero-bias con-
ductance of vortex 1 gradually increases with in-
creased transmission (Fig. 3(a)), and an extrapolation
suggests that it may approach 𝐺0 with further en-
hanced transmission. The data for vortex 2 extends
much further, and can be separated into three regimes.
In the first regime, the zero-bias conductance increases
approximately linearly with 𝐺N (black dashed line), in
the second regime, it exhibits saturation around 𝐺0

(red dashed line), and in the third regime, it exhibits
a steep enhancement (magenta dashed line).

The relatively flat zero-bias conductance around
𝐺0 in the second regime represents compelling evi-
dence that the ZBCP indeed possesses the quantized
conductance of 2𝑒2/ℎ, which renders strong support
to an MZM origin. Since this regime extends be-
tween 𝐺N = 0.75𝐺0 and 𝐺N = 1.0𝐺0, it indicates
that the quantized conductance of the MZM can be
fully detected even when the transmission of the off-
zero-bias states is less than unity. That is, the reso-
nant tunneling of the MZM occurs for 𝐺𝑁 > 0.75𝐺0

at 𝑇eff = 160 mK, which demonstrates nicely the MI-
RAR effect at finite temperature and in the strong
coupling regime between the tip and vortex. We note
that although the 160mK electronic temperature here
is just 0.4% of 𝑇c, it is about 8% of the mini-gap be-
tween the ZBCP and the first excited vortex state,
which is about 0.2 meV (Fig. 2(f)). Therefore, strong
coupling and high transmission are needed, to ensure
that the tunneling broadening of the ZBCP due to the
STM tip is much larger than the finite temperature
broadening. Only in this limit can the MZM-induced
ZBCP approach 2𝑒2/ℎ asymptotically.[1,14]

The steep enhancement in the third regime is likely
due to topological trivial states. As sketched in the
inset of Fig. 3(b), when the tip is sufficiently close to
the sample, besides the tunneling between the tip and
the MZM at the vortex center, the tunneling to the
region surrounding the core center will be enhanced.
Therefore, some off-zero-bias vortex states located far-
ther from the center will start to contribute more to
the 𝑑𝐼/𝑑𝑉 spectrum.[28] In Figs. 2(f)–2(l), one can see
that the off-zero-bias peaks are strong in the high
transmission regime. Because of their finite widths
due to tunneling broadening, dissipation, etc., these
peaks may contribute additional conductance at zero
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bias. These effects could be responsible for the steep
enhancement above 𝐺0. The third regime is thus actu-
ally a multi-channel tunneling regime. Furthermore,
because different vortex states may have different ra-
dial distributions, their contributions to the scanning
tunneling spectroscopy (STS) may vary dramatically
as the tip approaches the sample. Consequently, the
spectral lineshape may be greatly affected, as shown
in Fig. 2.

In summary, we have shown that the zero-bias
mode in the vortex core of the (Li0.84Fe0.16)OHFeSe
superconductor exhibits quantized conductance of
2𝑒2/ℎ, further supporting the existence of Majorana
zero modes in the vortices of (Li0.84Fe0.16)OHFeSe by
illustrating its characteristic hallmark. Moreover, the
fact that the quantized conductance is observed be-
fore the transmission of the off-zero-bias states reaches
unity demonstrates Majorana-induced resonant An-
dreev reflection, a fascinating effect, at finite temper-
ature. Our results facilitate a further understanding
of Majorana zero mode and suggest that the iron se-
lenide superconductors as a promising platform for the
investigation of exotic Majorana physics and the de-
velopment of topological quantum computing.

We thank Dr. Chun-Xiao Liu, Professor Qianghua
Wang, Professor Yajun Yan and Dr. Darren Peets for
helpful discussions.
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I.  Calibration of STM energy resolution. 

Due to electrical noise and RF radiation, the effective electron temperature (Teff) of a low-T STM is 

usually higher than the thermometer reading. Proper electronic shielding and RF filtering are necessary 

to reduce Teff. We calibrated the Teff of our dilution refrigerator STM at T = 20 mK by measuring the 

superconducting gap of an Al film on Si(111). Figure S1 shows the measured gap spectrum, a standard 

Maki BCS fitting [1] yields Δ = 0.19 meV, ζ = 0.02 meV and Teff = 160 mK.  

 

 
 

Fig. S1: Superconducting gap spectrum of 20 ML Al film on Si(111) (Vb = 1mV, I = 100 pA, ΔV = 20 

μV). Red curve is the Maki BCS fit. Fitting parameters: Δ = 0.19 meV, ζ =0.02 meV, Teff = 160 mK. 

 



II. Calibration of STM bias offset. 

The STM bias voltage eventually applied to the sample usually has a small offset. Such an offset 

can be calibrated by measuring I-V curves at different setpoints (Iset), because all the I-V curves should 

intersect at a single point where V = 0 and I = 0. Figure S2 shows such a calibration performed on the 

vortex core state measurement, which yields a bias offset of 0.32 meV. All the tunneling spectra 

presented in this paper are calibrated in the same way.  

 

 

Fig. S2: (a) Raw I/V curves measured at different setpoint (Iset). (b) Simultaneously obtained raw dI/dV 

curves.  

 

III.  Calibration of the tunneling conductance value of the dI/dV spectra 

The absolute value of tunneling conductance is very important for this work. In a standard lock-in 

measurement, the result is proportional to the differential tunneling conductance (dI/dV) but does not 

have an absolute value.  In fact, the absolute dI/dV can be directly calculated from numerical 

differentiation of the I/V curve, but usually has low signal/noise ratio. In Fig. S3(a) we show the I/V 

curve taken simultaneously with the STS shown in Fig. 1(d), and its numerical differential with absolute 

conductance. Then we scale the lock-in measured dI/dV to match the line shape of numerical differential 

dI/dV, as shown in Fig. S3(b), thereby calibrating the lock-in-detected dI/dV. The spectra shown in Fig. 

2(a) are calibrated in this way. On the other hand, once the tunneling barrier is significantly reduced 

(tunneling current is high), the signal/noise of the numerical differential becomes high enough to use 

directly. In this case we use the numerical differential dI/dV to calculate the conductance, as shown in 

Fig. 2(f). 



  We also note that the wire resistance of the bias voltage/tunneling current lines of the STM, which is 

usually hundreds of ohms, could induce non-negligible error in such low-tunneling-barrier 

measurements, since they are in series with the tunneling junction. Therefore, we carefully measured 

the wire resistance in situ by shorting the tip to the sample after the whole experiment, and exclude this 

contribution from the total resistance of the tunneling loop. 

 

 
 

Fig. S3: Calibration of the tunneling conductance value. (a) I/V curve and its numerical differential taken 

simultaneously with the STS shown in Fig. 1(d). (b) Comparison of the lock-in measured dI/dV and 

numerical differential of the I/V curve.  

 

 

IV. Measurement of the superconducting gap at high tunneling current. 

 

 

Fig. S4: Normalized dI/dV spectra measured on a superconducting region outside the vortices, as a 

function of the tunneling current measured at 20 mV. 
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