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High-resolution studies of the Majorana atomic
chain platform
Benjamin E. Feldman†, Mallika T. Randeria†, Jian Li†, Sangjun Jeon, Yonglong Xie, Zhijun Wang,
Ilya K. Drozdov†‡, B. Andrei Bernevig and Ali Yazdani*
Ordered assemblies of magnetic atoms on the surface of conventional superconductors can be used to engineer topological
superconducting phases and realize Majorana fermion quasiparticles (MQPs) in a condensed matter setting. Recent
experiments have shown that chains of Fe atoms on Pb generically have the required electronic characteristics to form a
one-dimensional topological superconductor and have revealed spatially resolved signatures of localized MQPs at the ends
of such chains. Here we report higher-resolution measurements of the same atomic chain system performed using a dilution
refrigerator scanning tunnelling microscope (STM). With significantly better energy resolution than previous studies, we show
that the zero-bias peak (ZBP) in Fe chains has no detectable splitting from hybridization with other states. The measurements
also reveal that the ZBP exhibits a distinctive ‘double eye’ spatial pattern on nanometre length scales. Theoretically we show
that this is a general consequence of STM measurements of MQPs with substantial spectral weight in the superconducting
substrate, a conclusion further supported by measurements of Pb overlayers deposited on top of the Fe chains. Finally, we
report experiments performed with superconducting tips in search of the particle–hole symmetric MQP signature expected in
such measurements.

C

ondensed matter systems provide a versatile platform for the
realization of emergent phases that host exotic quasiparticles
and exhibit novel electronic phenomena. Recently, there has
been considerable interest in material systems in which superconductivity has a topological nature and Majorana fermion quasiparticle (MQP) excitations emerge either as edge modes or as core states
of field-induced vortices1–3 . The search for a solid state realization of
MQPs has been motivated both by the possible discovery of a neutral
fermion that is its own antiparticle, as first envisioned by Ettore
Majorana4 , and by the prediction that solid state MQPs will obey
non-Abelian statistics. The latter can be used to realize topological
qubits for fault-tolerant quantum computation5,6 . Initial searches for
MQPs involved strongly interacting electron systems, such as fractional quantum Hall states7–10 . However, more recent efforts have
focused on engineering topological superconductivity by combining
conventional superconductors and spin-textured electronic systems,
such as the surface states of a topological insulator11 , Rashba semiconducting nanowires12,13 , or assemblies of magnetic atoms14–24 . The
key idea is that the spin texture of the electronic bands in these
material platforms stabilizes an effective p-wave pairing through the
proximity effect, and produces localized MQPs at the boundaries of
the structure.
To date, strong evidence for the presence of MQPs has come
from transport studies of hybrid superconductor–semiconductor
nanowire devices25 , from scanning tunnelling microscope (STM)
measurements of chains of magnetic atoms on the surface of
a superconductor23 , and from STM measurements of vortices
in superconductor–topological insulator heterostructures26 . In
proximitized semiconducting nanowires with strong spin–orbit
interaction, transport studies showed a zero-bias peak (ZBP) for
a range of parallel magnetic fields and gate voltages25,27–29 , as well

as the fractional a.c. Josephson effect30 . This is consistent with
the appearance of a MQP when the field drives these nanowires
into the topological phase. More recent experiments demonstrated
the expected change in charging that is characteristic of such a
nanowire in the topological phase, as well as experimental signatures
of exponentially suppressed coupling between MQP end modes31 .
A recent effort aims to discount alternative explanations for the
ZBP, such as the Kondo effect or disorder32–36 , by examining cleaner
nanowire devices37 .
Chains of magnetic atoms on the surface of a superconductor
provide a novel approach to engineer topological superconductivity,
with the unique advantage that MQPs can be directly visualized
using spatially resolved STM measurements. Previous spinpolarized STM studies of self-assembled chains of Fe atoms on
superconducting Pb showed clear evidence for both ferromagnetic
ordering of the Fe atoms and strong spin–orbit coupling at the
surface of the Pb substrate23 . The combination of these two
ingredients together with proximity-induced superconductivity is
predicted to almost always produce a topological superconducting
phase in such atomic chains24 . Consistent with this prediction,
spatially resolved spectroscopic measurements showed the presence
of a ZBP in the local density of states (LDOS) at the end of the
chains, as expected for a localized MQP23 . Subsequent experiments
have probed the properties of Fe chains on Pb with superconducting
tips and have reported similar zero-energy states, as well as explored
other features on this platform38,39 .
The ZBP in these chains was shown not to be due to the
Kondo effect, as it is fully suppressed when a small magnetic field
(well below the Kondo temperature) is applied to drive the Pb
substrate normal. However, other questions regarding the MQP
interpretation of the ZBP for atomic chains require more detailed
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Figure 1 | Zero-bias end mode in Fe chains on Pb. a, Three-dimensional
rendering of an Fe chain on the Pb(110) surface. Scan area is
50 nm × 50 nm, and the z height range is 7.8 Å. Setpoint bias
Vset = −50 mV and current Iset = 200 pA. b, Differential conductance
dI/dV of the bare Pb(110) surface (blue) and its two-gap fit (green) with
∆1 = 1.26 meV and ∆2 = 1.42 meV, at fixed temperature T = 250 mK using
a broadening Γ = 8 µeV. c, Linecut of dI/dV along the side of an Fe chain,
showing a sharp zero-bias peak (ZBP) localized to the end, as well as
several subgap Shiba states. The white dashed line marks the end of the Fe
chain. d, dI/dV at the chain end (red) and its average in the middle of the
chain (purple; averaged over positions >2.5 nm).

investigation. Initially, the nanometre length scale reported for the
localization of MQPs from spectroscopic mapping was suggested to
be inconsistent with the small predicted p-wave gap40 . Subsequent
theoretical efforts from several groups, however, have shown that
the short MQP localization length is expected due to strong velocity
renormalization in this hybrid system; the characteristic MQP
localization length is much shorter than the coherence length of
the host superconductor24,41 . Another concern is the temperature
at which the previous measurements were performed (around 1 K),
which is comparable to the expected size of the p-wave gap. The
temperature limited the precision with which previous experiments
could determine the possible splitting of the ZBP. A very accurate
energy resolution could distinguish a MQP from a pair of states very
close to zero energy, and could also enable detailed examination of
the background of low-energy electronic states.
The focus of the current study is to extend the previous
experiments to a lower temperature that allows us to probe the
magnetic atomic chains with much higher energy resolution. We
demonstrate that the ZBP in atomic Fe chains remains pinned at
zero energy with no detectable hybridization with other electronic
states, and we reveal new information about the background of lowenergy quasiparticle (Shiba42–44 ) states. We also provide the first
experimental evidence that the ZBP has substantial weight in the
host superconductor, based on the observation of a characteristic
‘double eye’ spatial pattern of the zero-bias conductance, as well
as measurements of Fe chains that have been covered with a
monolayer of Pb. We develop theoretical models that accurately
describe both the detailed nature of the states within the Fe
chains, as well as the observation of enhanced MQP weight in
the superconducting substrate. Finally, we describe experiments
using superconducting tips at lower temperatures motivated by
a recent proposal for detecting the particle–hole symmetry of
MQPs39,45 . Taken together, these results provide significant evidence
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Figure 2 | ‘Double eye’ pattern and spatial dependence of the ZBP.
a,b, Map of the zero-bias conductance (a) along a chain and its
corresponding topography (b). Scale bar, 2 nm. c,d, dI/dV as a function of
position along (c) and transverse to (d) the Fe chain. Data in c are averaged
over the 1.6 nm chain width. Inset: schematic of a zigzag Fe chain partially
embedded in the substrate. In d, the end spectrum (red) is averaged over
the 1 nm length of the ‘double eye’ feature, and the mid-chain spectrum
(purple) is averaged over the remainder of the chain.

in support of the MQP interpretation of the ZBP in the Fe/Pb atomic
chain system.

High-resolution spectroscopic mapping of the zero mode
We extend the previous experiments to lower temperature using a
dilution refrigerator STM46 , which cools samples to about 20 mK.
We fabricate atomically ordered one-dimensional Fe chains on a
pristine Pb(110) surface as described in ref. 23, yielding chains up
to 40 nm in length with pristine portions ranging from 5 to 20 nm
(Fig. 1a). Measurements of the LDOS with normal tips far from the
chains reveal spectral features associated with the two energy gaps
expected from the two Fermi surfaces of Pb47 , and the data fit well
to theory using an electron temperature of 250 mK (Fig. 1b). The
majority of the Fe chains that we have explored show a prominent
ZBP in spectroscopic measurements near their end (Fig. 1c) and
exhibit no sign that it is offset from zero bias or split by hybridization
with other states, with an experimental upper bound of 80 µeV
splitting. As shown in Fig. 1d, the full-width at half-maximum of the
ZBP can be as low as 90 µeV (above the background measured in the
middle of the chain), which is comparable to the thermal broadening
expected at 250 mK. In contrast, no prominent ZBP is apparent in
the bulk of the chain (Fig. 1d), where the spectra typically show a
set of about 9–10 resonances within the energy window of the host
Pb gap. These resonances are asymmetric in spectral weight, but
appear to be close to symmetric in energy about zero, suggesting
that they are energetically resolved (see Supplementary Methods).
The first peak in the spectra above zero bias is typically about
±150–250 µeV—a value consistent with previous measurements
using superconducting tips at higher temperatures23 .
In contrast to measurements at 1.4 K, the ZBP at the end of
the chain in the millikelvin temperature experiments can reach
more than 1.6 times the normal state conductance above the
superconducting Pb gap (see Fig. 1d for example). The ZBP
scales approximately proportionally with the conductance set by
the tunnel junction impedance, reaching a maximum value of
about 0.16e2 /h, obtained with a 250 k junction impedance (see
Supplementary Methods). This value is still smaller than the
predicted universal conductance of 2e2 /h for a MQP48 , suggesting
that we are in the sequential tunnelling regime and the temperature
of our measurements is still large compared to the tunnelling energy
scale for coupling between the MQP and the STM tip. Nonetheless,
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Figure 3 | Theoretical model of the zero-bias end mode. a, Simulation of
dI/dV as a function of position along the chain, whose end is marked by the
white dashed line. b, Theoretically predicted dI/dV at the end (red) and in
the middle (purple) of the Fe chain. A ZBP localized to the end of the chain
and subgap Shiba states that qualitatively resemble the experimental data
are apparent.

the absence of hybridization with other states, judged by the
almost thermally limited width of the ZBP, and our observation
that the spectral weight of the zero mode is enhanced (relative
to the background) at lower temperatures are significant steps
in supporting the MQP interpretation of the ZBP in Fe chains.
We also note that the ZBP is isolated in energy and position
from other Shiba states, so it is not caused by a trivial Shiba
state whose energy disperses as the chain diameter tapers near
its end49 .
Having established the presence of a sharp ZBP, we examine its
spatial structure by comparing zero-bias conductance maps and
topographic measurements on the same chain, as shown in Fig. 2a,b.
The conductance map confirms that the ZBP is localized at the chain
ends, and also reveals an intriguing spatial pattern. The maximum
of the ZBP is not centred on the Fe chain, but instead exhibits
twin peaks situated near its sides. This characteristic ‘double eye’
feature was observed in many different chains (approximately twothirds of those explored); additional examples are presented in
the Supplementary Methods. The ‘double eye’ conductance pattern
underscores the importance of tip positioning to detect the strongest
ZBP, and may help explain some of the variability in results reported
by other groups39 . Along the chain, the zero-bias conductance
typically decays within one nanometre to a characteristic value
around 40–50% of the normal state conductance in the middle
of the chain, with small oscillations in amplitude (Fig. 2c). This
residual zero-bias conductance probably results from a combination
of thermally broadened Shiba states and the exponentially decaying
tail of the zero-energy end state (see Supplementary Methods). A
cross-section of zero-bias conductance transverse to the wire axis
at its end, presented in Fig. 2d, also shows the rapid decay of the
zero-bias state from the Fe into the Pb substrate. Despite this rapid
decay, we show below that the ‘double eye’ feature results from
substantial MQP spectral weight in the Pb atoms adjacent to the
Fe chain.

Modelling the spectroscopic properties of Fe chains
To understand the spectroscopic features of the Fe chains and their
spatial dependence, we perform model calculations that take into
account the chain structure, the hybridization of its electronic states
with the Pb substrate, and the influence of the STM tip trajectory
on the measurements. Previous studies23 determined that the most
likely structure for the atomic Fe chains is a single atom wide, with
three atoms stacked vertically in a zigzag structure that is partially
embedded between the rows of the Pb(110) surface (Fig. 2c, inset).
Following the numerical approach outlined in ref. 24, we compute
the spectroscopic properties of the embedded zigzag Fe chain and
288

Tip

b

Figure 4 | Theoretical model of the ‘double eye’ spatial pattern of the ZBP.
a, Schematic illustration of the topmost Fe atom of the chain and underlying
substrate topography, as determined from DFT calculations, and the tip
trajectory during measurements. b, Simulation of the expected zero-bias
conductance as a function of position. A ‘double eye’ pattern of the ZBP is
apparent, consistent with the experimental observations. The dashed black
line corresponds to the theoretically predicted topographic signal within
this model. Scale bar, two Pb lattice constants.

compare them with the results of our STM measurements (see
Supplementary Methods for model parameters).
Figure 3 shows the calculated LDOS as a function of energy
and position along a chain of finite length (21 nm), which can be
compared with the data in Fig. 1. The model calculations qualitatively match the experimental results: they show a pronounced ZBP
that is localized to the end of the Fe chain, as well as substantial
subgap spectral weight throughout the chain whose amplitude is
electron–hole asymmetric. The observed experimental variation of
the spectra along the chain probably results in part from modulation
of the Fe atomic chain structure due to incommensurability with the
Pb substrate (not included in the model), as well as finite size effects.
Nevertheless, the extended profiles of the subgap states along the
chain, seen in both experiments and model calculations, strongly
suggest that these subgap states are manifestations of thermally
broadened van Hove singularities of Shiba bands induced by the
Fe chain into the Pb gap. The model calculations also show that
although the thermal broadening does not preclude us from observing the ZBP due to the MQP, it does prevent the observation of a hard p-wave gap. This is similar to recently published
data on semiconductor nanowires31 , where the hard gap obtained
at zero field becomes softer than the one presented here in the
presence of a magnetic field—the regime in which the ZBP is observed. Finally, our model reproduces the experimentally observed
rapid decay of the ZBP associated with the MQP at the end of
the chain.
To understand the origin of the ‘double eye’ spatial structure of
the ZBP, we use a simple three-site model that takes into account the
MQP spectral weight on the Fe and Pb sites, as well as the influence
of the trajectory of the STM tip on the conductance (Fig. 4a). This
model, whose details are included in the Supplementary Methods,
shows that the conductance at zero energy will have a double-peak
structure transverse to the chain when the ratio of the LDOS at zero
energy for the Fe site [ρFe (0)] relative to the Pb sites [ρPb (0)] is less
than the ratio of the integral of the LDOS at these sites (ρFe , ρPb )
over the energy window set by the voltage bias. Such a condition
NATURE PHYSICS | VOL 13 | MARCH 2017 | www.nature.com/naturephysics
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Figure 5 | ZBP in Pb overlayer above Fe chain. a, Topography of a buried Fe
chain. Vset = 90 mV and Iset = 100 pA. Scale bar, 2 nm. b, Corresponding
schematic showing the chain covered with a single monolayer of Pb.
c, dI/dV at the end of the chain (red), in the middle (blue) and on the bare
Pb substrate (black). Vset = 5 mV and Iset = 700 pA. d, Theoretically
calculated LDOS of the Pb atoms neighbouring the Fe chain at its end (red)
and middle (blue), and on the bare Pb substrate (black).

can be satisfied because of several realistic factors. First, because the
number of orbitals on the Fe atoms in the normal state is larger than
that on the Pb atoms, we generically expect ρFe /ρPb > 1. Second, and
more important, the strong suppression of the local order parameter
on the Pb atoms near the Fe chain50 , as well as the adapted structure
caused by strong bonding between the Fe chain and its nearby
Pb atoms23 , results in a significant enhancement of the subgap
LDOS [including ρPb (0)] in the superconducting substrate adjacent
to the chain. Consequently, we find that ρFe /ρPb > ρFe (0)/ρPb (0)
(see Supplementary Methods), and we therefore expect tunnelling
into the MQP to be larger on the sides of the chain as opposed to
its centre. The results of our simulations including these realistic
factors are shown in Fig. 4b, and they demonstrate a clear doublepeak structure similar to the experimental observations. The model
described above therefore shows that the ‘double eye’ spatial pattern
observed in experiment results from substantial MQP weight in the
host superconductor.

Buried Fe chains and MQP signature in Pb overlayers
We further investigate the idea that the MQP can have significant
spectral weight in the host superconductor by examining Fe chains
covered with a monolayer of Pb (Fig. 5a,b). Encapsulating Fe chains
with Pb may also influence the strength of the proximity-induced
superconductivity; similar experiments on semiconducting
nanowires have very recently been explored31,51 . We perform
spectroscopic measurements on the buried Fe chains at 1.4 K
(Fig. 5c), which show a ZBP localized close to what we determine to
be the end of such chains, based on a comparison of spectroscopic
and topographic maps. The background in-gap conductance
measured on the Pb overlayers is typically much lower than
that measured on top of exposed chains, and it is also nearly
electron–hole symmetric. This electron–hole symmetry is also
seen in our model calculations when we examine the spectral
properties on the Pb sites below the Fe chain (Fig. 5d), and it is
probably a consequence of the basic symmetry of the states in the
host superconductor. The suppression of the low-energy states
except the zero mode in these Pb overlayers suggests that the
pairing strength of the Fe chain may be enhanced in this geometry.
This possibility, together with the observation of a robust ZBP
(although broad in this case because of measurement at 1.4 K),
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Figure 6 | Superconducting tip spectra and electron–hole symmetry of the
zero-energy end mode. a, dI/dV along the side of an Fe chain, showing an
end mode at e|V | = ∆tip . The white dashed line marks the end of the chain.
b, Individual dI/dV spectra on the bare Pb (black) and at the end (red) and
middle (purple) of the Fe chain. The end spectrum shows electron–hole
symmetric peak amplitude at e|V | = ∆tip . c, dI/dV spectra at each position
in a, plotted as a function of |E|, with each curve offset for clarity (top
spectrum corresponds to 0 nm in a). The end mode at e|V | = ∆tip is
electron–hole symmetric in amplitude, whereas states at higher energies
are not. A weaker peak at e|V | = ∆tip is also visible in the middle of the
chain; its origin is probably the same as the residual spectral weight at zero
bias measured in the middle of the Fe chains using normal tips.

indicates that the buried chain geometry may have some key
advantages for future studies of MQPs; especially with regard to
braiding. Manipulating MQPs in buried circular chain geometries
might provide a clean signal without interference from other
Shiba states52 .

Probing the MQP electron–hole symmetry
As a final test of the MQP interpretation of our experiment, we
perform measurements with superconducting tips to investigate the
electron–hole symmetry of the zero-energy state. Previous studies23,39 of the Fe/Pb atomic chain system have used superconducting
tips to achieve higher spectroscopic resolution and to explore the
MQP particle–hole symmetry at temperatures of about 1 K. The
measurements showed asymmetric (in amplitude) peaks at a voltage
corresponding to the superconducting gap of the tip (eV = ±∆tip ),
as well as other in-gap states at higher energies, and they were
interpreted to suggest that some of the spectral weight of the zeroenergy mode may result from trivial states39 .
We have extended these measurements to lower temperatures
in our dilution refrigerator STM, as shown in Fig. 6. Here we
show a linecut of spectra along the wire, positioned so that we
cross one of the eyes of the ZBP. Whereas previous work at
about 1 K found that spectroscopic measurements with superconducting tips show considerably better energy resolution than
normal tips, we do not find that this improvement continues
at lower temperatures. Instead, the width of the ZBP and other
in-gap states resolved with the superconducting tips are slightly
broader (120 µeV, at best) than measurements of the same electronic
features with the normal tips (90 µeV, at best). This difference
may result from an imperfect tip containing quasiparticle excitations, perhaps due to the amorphous nature or small size of the
superconducting apex.
Regardless, spectroscopy with a superconducting tip has been
proposed as a way to demonstrate the particle–hole symmetry of
the MQP, which should produce peaks with symmetric amplitude
at eV = ±∆tip , as opposed to trivial Shiba states near zero energy,
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which could have asymmetric amplitude39,45 . As shown in Fig. 6 for
one particular tip and Fe chain, we indeed observe two symmetric
peaks at eV = ±∆tip ∼ 1.35 meV, a behaviour that is distinct
from the electron–hole asymmetry of all other in-gap features,
especially that associated with a Shiba band at eV ∼ 2 meV. While
we have found a few combinations of chains and superconducting
tips that show symmetric peaks at eV = ±∆tip at the end of the
chain, we sometimes also observe non-symmetric behaviour (see
Supplementary Methods). Further efforts are required to determine
the experimental conditions that lead to the symmetric peaks
expected for MQPs, and whether the condition of the tip and sample
can influence such measurements.

Concluding remarks and outlook
Performing high-resolution measurements of our atomic chain
platform at lower temperatures allows us to place a stringent upper
bound of 80 µeV splitting of the ZBP. In addition, the ‘double eye’
spatial pattern of the ZBP and its robustness to the deposition of a
superconducting overlayer demonstrate the enhanced MQP spectral
weight in the host superconductor. The detailed correspondence
between these data and theoretical modelling provides critical
experimental evidence for the predicted topological nature of
superconductivity in this system and the interpretation of the
edge bounded ZBPs as signatures of localized MQPs. Further
investigations of this platform would, however, advance more
rapidly if the structure and magnetic properties of the chains
could be manipulated and optimized. For example, the complex
in-gap structure of our chains is a consequence of their zigzag
structure, which gives rise to multiple Shiba bands24 . Future efforts
in constructing such chains using a STM to perform atomic
manipulation may be used to build simpler chains, as well as provide
the opportunity to maximize the induced superconducting pairing
within them. The magnetism in such chains also plays a critical
role in the emergent topological superconductivity, and it needs
to be studied to determine the phase diagram of superconducting
phases in such chains24,41 . Finally, using thin-film superconducting
substrates would provide an opportunity to use a parallel magnetic
field as a tuning parameter of the properties of chains or other
assemblies of magnetic adatoms on their surface, and perhaps
ultimately to manipulate MQPs in this platform52 .

Methods
Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.
Received 19 June 2016; accepted 4 October 2016;
published online 7 November 2016
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Methods
Atomically ordered Pb(110) surfaces were prepared from a bulk single crystal
by several cycles of argon ion sputtering followed by annealing at 250 ◦ C. To
produce the Fe chains, electron beam evaporation of Fe was performed with the
substrate held at approximately 85 ◦ C, followed by 7 min of annealing at 175 ◦ C.
The sample was then gradually cooled for approximately 30 min and inserted
into the STM. Ultrahigh vacuum conditions were maintained throughout
this process.
To grow Pb overlayers on the Fe chain samples described above, we used a
commercial Knudsen cell and a customized cooling stage to control the sample
temperature during evaporation. The Pb evaporator was thoroughly degassed and
was calibrated by means of a quartz crystal monitor. The temperature of the cooling
stage was stabilized by the liquid nitrogen flow rate and the heater installed in the
cooling stage. For the data shown in Fig. 5, we first grew Fe chains on a clean Pb

substrate and then cooled the sample to 80 K. The buried Fe chain was prepared by
evaporating 5 Å of Pb at an evaporation rate of 0.3 Å min−1 on the cold sample,
followed by annealing at 158 K for 10 min on the same cooling stage.
Except where noted, dilution refrigerator experiments were performed using a
setpoint bias of Vset = −5 mV, a setpoint current Iset = 500 pA, and an a.c. r.m.s.
excitation of 20 µV. When combined with the 250 mK temperature, this leads to an
expected experimental broadening of approximately 90 µeV. Assuming Gaussian
peaks with a 90 µeV full-width at half-maximum, we expect to resolve two split
peaks when they are separated by at least 80 µeV. Superconducting Pb tips were
prepared by indentation of W tips into the Pb substrate.
Data availability. The data that support the plots within this paper and other
findings of this study are available from the corresponding author upon
reasonable request.
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