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Topological superconductors are a distinct form of matter that is predict-
ed to host boundary Majorana fermions (1–3). These quasi-particles are 
the emergent condensed matter analogs of the putative elementary spin-
1/2 particles originally proposed by Ettore Majorana (4) with the intri-
guing property of being their own anti-particles. Super-symmetric theo-
ries in particle physics and some models for dark matter in cosmology 
motivate an ongoing search for free Majorana particles (5, 6). The search 
for Majorana quasi-particle (MQP) bound states in condensed matter 
systems is motivated in part by their potential use as topological qubits 
to perform fault-tolerant computation aided by their non-Abelian charac-
teristics (7, 8). Spatially separated pairs of MQP pairs can be used to 
encode information in a nonlocal fashion, making them more immune to 
quantum decoherence. Early proposals for the detection of MQPs were 
based on the properties of superfluid 3He, on exotic fractional quantum 
Hall states, or on correlated superconductors (9–12). The focus in the 
last few years has shifted to the search for these exotic fermions in weak-
ly interacting synthetic systems in which proximity to a conventional 
Bardeen-Cooper-Schrieffer (BCS) superconductor is used in concert 
with other electronic properties to create the topological phase that hosts 
MQPs. 

The idea that MQPs can be engineered in the laboratory grew from 
the theoretical observation that proximity induced superconductivity on 
the surface state of a topological insulator is topological in nature (13). 
Pairing on a “spin-less” Fermi surface (1), created in this case by the 
spin-momentum locking of topological surface states, must be effective-
ly p-wave to satisfy the pair-wavefunction anti-symmetry requirement 
and is therefore topological. This approach was later extended to systems 
in which a semiconductor nanowire with strong spin orbit interactions in 
a parallel magnetic field is in contact with a superconductor (14, 15). 
Experimental efforts to implement the nanowire proposal have uncov-
ered evidence for a zero bias peak (ZBP) in tunneling spectroscopy stud-
ies of hybrid superconductor-semiconductor nanowire devices, as 
expected in the presence of the MQP states of a topological supercon-

ductor (16–19). However, the ZBPs 
detected in such devices could also be 
caused by the Kondo effect or disorder 
(20–24). A key disadvantage of the 
nanowire studies is that they lack the 
ability to spatially resolve ZBP features 
in order to demonstrate that they are 
localized at the boundary of a gapped 
superconducting phase. Here we intro-
duce a method of fabricating one-
dimensional topological superconduc-
tors and detecting their MQPs that 
achieves both spatial and spectral reso-
lution. 

Magnetic atomic chains as a platform 
for topological superconductivity 
Magnetic atom chains on the surface of 
a conventional s-wave superconductor 
have been proposed to provide a versa-
tile platform for the realization of topo-
logical superconductors (25). This 
platform lends itself to the detection of 
MQPs using the spectroscopic imagin-
ing techniques of scanning tunneling 
microscopy (STM). In the absence of 
intrinsic spin-orbit coupling, (25) and 
related theoretical work (26–30) 
showed that a topological phase emerg-
es in an atomic chain when its magnetic 

atoms have a spatially modulated spin arrangement, for example a spin 
helix. The spin texture of the chains emulates the combination of spin-
orbit and Zeeman interactions required to create a topological phase. 
Helical spin configurations are however much less common in atomic 
chains than simple ferromagnetic and antiferromagnetic ones or may be 
more influenced by disorder (31). We therefore explore an alternate, 
more realizable scenario by placing a Fe chain on the surface of Pb (Fig. 
1A). We will show that the essential ingredients for topological super-
conductivity in this scenario are the ferromagnetic interaction between 
Fe atoms realized at the Fe-Fe bond distance and the strong spin-orbit 
interaction in superconducting Pb (32). Our approach is related to earlier 
proposals for topological superconductivity using half-metal ferromag-
nets or metallic chains placed in contact with superconductors in the 
presence of spin-orbit interactions (33–35). 

To illustrate the key ingredient of our approach, we first consider an 
idealized ferromagnetic chain of Fe atoms described by a tight-binding 
model calculation [section 1 of (36)]. We use hopping parameters appro-
priate for d orbitals of bulk Fe to compute the band structure of a freely 
suspended linear Fe chain (Fig. 1B). The large exchange interaction 
results in a fully occupied majority spin band with the Fermi level (EF) 
residing in the minority spin bands. Coupling the Fe chain to a BCS 
superconductor with strong spin-orbit interaction (such as Pb), we find 
that the spin-orbit interactions lift many of the degeneracies in the 
chain’s band structure shown in Fig. 1B, while at the same time allowing 
for the occurrence of p-wave superconductivity [section 1 of (36)]. Since 
only the Fe d-bands will be strongly spin-polarized, other bands are un-
likely to influence the topological character of the system, whether they 
reside mainly on the Fe chains or on the substrate. Remarkably, for large 
exchange interaction, topological superconductivity is ubiquitous to the 
type of band structure shown in Fig. 1B—occurring for nearly all values 
of the chemical potential [Fig. 1C and (36) for details]. In this idealized 
situation, the number of minority spin bands which cross the Fermi level 
is almost always odd, making the presence of MQPs at the ends of the 
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chains almost guaranteed. 
We consider another idealized situation for topological superconduc-

tivity by modeling a ferromagnetic chain embedded in a 2D supercon-
ductor, which allows us identify its signatures in STM measurements 
[section 2 of (36)]. The spatially resolved density of states (DOS) of this 
2D model at positions on the chain differs from that of a BCS supercon-
ductor by the presence of Yu-Shiba-Rusinov in-gap states (Fig. 1, C and 
D) (37–41). These calculations also exhibit the spatial and spectroscopic 
signatures of MQPs at the chain ends (Fig. 1, D and E). Other more real-
istic models for our experimental system are also worth exploring (see 
below) and non-topological phases can occur for some chain geometries. 
These model studies of proximity-induced superconductivity on Fe 
chains demonstrate that topological states can be identified using STM 
by establishing: 1) ferromagnetism on the chain, 2) spin-orbit coupling 
in the host superconductor (or at its surface), 3) a superconducting gap in 
the bulk of the chain, and finally 4) a localized ZBP due to MQPs at the 
ends of the chain. One can over constrain these conditions by providing 
evidence that the system has an odd number of band crossings at EF. The 
disappearance of edge-localized ZBPs when the underlying supercon-
ductivity is suppressed provides an additional check to show that the 
MQP signature is associated with superconductivity and not with other 
phenomena, such as the Kondo effect (20–22). 

Ferromagnetic Fe atomic chains on the Pb(110) surface 
To fabricate an atomic chain system on the surface of a superconductor 
with strong spin-orbit coupling, we used a Pb (110) single crystal, which 
we prepare with cycles of in situ sputtering and annealing. Following 
sub-monolayer evaporation of Fe on the Pb surface at room temperature 
and light annealing, STM images (temperature was 1.4K for all experi-
ments reported here) show large atomically ordered regions of the Pb 
(110) surface, as well as islands and chains of Fe atoms that have nucle-
ated on the surface (Fig. 2A). The islands appear to provide the seed 
from which chains self-assemble following the anisotropic structure of 
the underlying surface. Depending on growth conditions, we find Fe 
chains as long as 500 Å, usually with an Fe island in the middle (inset, 
Fig. 2A). In longer chains, the ends are separated from the islands in the 
middle by atomically ordered regions that are 200 Å long. High-
resolution STM images show that the chains (with an apparent height of 
about 2 Å) are centered between the atomic rows of Pb (110), display 
weak atomic corrugation (5-10 pm) and strain the underlying substrate 
(Fig. 2, B to D). Approximate periodicities of 4.2Å and 21Å measured 
on the chain show that the Fe chain has a structure that is incommensu-
rate with that of the underlying Pb surface. To identify the atomic struc-
ture of our chains, we performed density functional theory (DFT) 
calculations of Fe on the Pb (110) surface which show that strong Fe-Pb 
bonding results in a partially submerged zigzag chain of Fe atoms be-
tween Pb (110) atom rows [Fig. 2, E and F; see section 3 of (36) for DFT 
details]. From these calculations, we find that among several candidate 
structures with the experimental periodicity, a three-layer Fe zigzag 
chain partially submerged in Pb has the lowest energy and gives con-
tours of constant electron density most consistent with our STM images. 

We use a combination of spectroscopic and spin-polarized measure-
ments to demonstrate that Fe atomic chains on Pb (110) satisfy the crite-
ria (conditions 1-4 above) required to demonstrate a one-dimensional 
topological superconductor. First, we discuss spin-polarized STM stud-
ies that show experimental evidence for ferromagnetism on the Fe chains 
and strong spin-orbit coupling on the Pb surface (Fig. 3, A to C). Using 
Cr STM tips, which have been prepared using controlled indentation of 
the tip into Fe islands, we measured tunneling conductance (dI/dV) at a 
low bias (V = 30 mV) as a function of magnetic field perpendicular to 
the surface on both the chains and on the Pb substrate (Fig. 3, A and B). 
Our preparation of spin-polarized tips were validated by also performing 
experiments on Co on Cu (111), now a standard system (40) for verify-

ing spin-polarized STM capabilities, in situ during the same experi-
mental runs. The spin-polarized measurements on the Fe chains show 
hysteresis loops characteristic of tunneling between two ferromagnets 
with the field switching only one of them (at around 0.25 T) (42, 43). 
The strength of the spin-polarized STM signal varies along the chain, 
likely due to the electronic and structural properties of our zigzag Fe 
chains. We find that tunneling with the same tip on the Pb (110) surface 
far from the Fe chains also shows field-dependent conductance. In con-
trast to the asymmetric behavior observed on the chains, the field de-
pendence on the substrate is symmetric with field, as expected for 
tunneling into non-magnetic Pb, but still shows the switching behavior 
that is due to magnetization reversal of the tip. Similar tunneling magne-
toresistance curves have been previously reported for tunneling from a 
ferromagnet into semiconductors and have been attributed to spin-
polarized tunneling in the presence of strong spin-orbit interactions (44). 
The field-dependent signal on Pb is consistent with a preference for 
spins to be in the plane of the surface, in which case further polarization 
of the tip’s magnetization perpendicular to the surface suppresses tunnel-
ing conductance. The size of this signal depends on the orientation of the 
tip’s magnetization relative to that of the spins at the surface. This ob-
servation is consistent with a Rashba-like (k•σ) spin-orbit coupling at the 
Pb (110) surface upon which our ferromagnetic Fe chain is self-
assembled. 

Our DFT calculations confirm that the zigzag Fe chains in Pb (110) 
are likely ferromagnetic [section 3 of (36)], as expected given that the 
distance between the Fe atoms is close to that of bulk Fe. These calcula-
tions also demonstrate that Fe chains on Pb have exchange energy J of 
about 2.4 eV and a magnetic anisotropy energy (1.4 meV/Fe atom) that 
is large enough to suppress thermal fluctuations in the magnetic configu-
ration. The large anisotropy also implies that very large fields are re-
quired to switch the chain’s magnetization orientation, consistent with 
our finding that low fields only reorient the tip’s magnetization. 

Our model studies demonstrate that topological superconductivity 
occurs when an odd number of 1D bands cross the Fermi energy. We 
now focus on obtaining information on the electronic structure of our Fe 
chains from STM spectroscopy. As shown in Fig. 3D, the Fe chain con-
tribution to the DOS has two distinct peaks separated by about 0.9 eV, 
one above and the other below EF. To understand the origin of this dou-
ble-peak structure, we have carried out a number of model calculations, 
including those based on tight binding and DFT for our specific zigzag 
Fe structures identified by comparing DFT to STM images (Fig. 2, C to 
F). The results of these calculations, for both suspended and Pb-
imbedded chains [sections 3 and 4 in (36)] indicate that EF for such a 
system lies in the Fe minority bands and that the double-peak structure is 
related to structure-specific features of the minority-band bonding pat-
tern. Moreover, the tight-binding model that reproduces the experimen-
tally observed double-peak structure (Fig. 3E) shows the number of band 
crossing at EF to be odd [phase diagram in section 4 in (36)]. Although 
momentum-resolved DOS measurements with the STM will be required 
to more directly probe the band structure of the chains, the correspond-
ence between model calculations and the measured DOS is very sugges-
tive that the band structure of these chains is consistent with topological 
superconductivity. All the chains we examined in search for MQPs share 
the above structural and electronic characteristics. 

Superconductivity on Fe atomic chains and signatures of MQP 
We use high resolution spectroscopy and spectroscopic mapping, with 
both normal and superconducting tips, to establish the signature of both 
the pairing gap on our Fe chains and of the MQP at their ends at low 
temperatures (1.4 K) (Figs. 4 and 5). In Fig. 4, we show spatially re-
solved spectra, as well as spectroscopic maps with a normal tip, on both 
the substrate and the Fe chain. Examining the spectra away from the Fe 
chain on the Pb surface, we resolved a superconducting gap that can be 
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modeled with the thermally broadened (T = 1.4 K) BCS density of states 
with Pb’s bulk pairing gap (Δs = 1.36 meV) (Fig. 4A, lowest curve). In 
the middle of the chains, spatially resolved spectroscopic measurements 
show the formation of features in the Pb gap, with asymmetric edges at 
roughly ±1 meV, which evolve to include a sharp ZBP that is prominent-
ly detected about 15-20 Å from the ends of the chain. Figure 4, B to E 
show such ZBPs at two ends of the same chain that grow out of an Fe 
island. Approaching the island, the spectra on both sides of the chain 
also show enhanced low-energy DOS, but at these locations, the struc-
ture of the chains is not known [example in fig. S14 in (36)]. Spectro-
scopic maps in Fig. 4F visualize the spatial structure of excitations at 
different energies and clearly show the localized nature of the ZBPs at 
one end of the chain and the delocalized nature of the excitations at 
higher energies throughout the chain. These maps also resolve the spa-
tially modulated decay of the ZBP away from the chain ends that is an-
ticipated from model calculations [section 2 of (36)]. Our ability to 
correlate the location of the ZBP with the end of our atomic chains is 
one of the main experimental requirements for interpreting that this fea-
ture is associated with the predicted MQP of a topological superconduc-
tor. We have confirmed the robust observation of ZBPs at the end of 
multiple chains (more than ten), measured with different tips, on differ-
ent experimental runs with freshly prepared Pb and Fe chains (see sec-
tion 5 of (36) for more examples). 

To obtain more precise information about the pairing gap induced on 
the Fe chains, we have also carried out spectroscopic measurements with 
superconducting tips, prepared in situ by contacting a W tip with the Pb 
surface (Fig. 5). Away from the Fe chains, the spectra measured with 
these tips show the behavior expected for tunneling between two super-
conductors, with sharp peaks at energies corresponding to the sum of the 
BCS gaps on the tip ΔT and the substrate ΔS (Fig. 5A). The singularity in 
DOS at the gap edge in this case allows us to resolve finer features with-
in the thermally broadened DOS of our chains. At the end of the chains, 
spectroscopy with the superconducting tips shows a sharp peak at |eV| = 
ΔT corresponding to the peaks at these locations identified as ZBPs when 
measured with the normal tips (Fig. 5B). Spectroscopic maps with the 
superconducting tip at this energy also show this feature to be the most 
pronounced at the end of the chains (Fig. 5D, middle panel) as expected 
for bound MQPs. At other locations in the middle (bulk) of the chains 
(Fig. 5, C and D), this signature of MQPs is greatly suppressed, but there 
are sharp peaks at higher energies |eV| > ΔT that can be attributed to the 
edge of a pairing gap at about 200-300 μeV. Using a model calculation 
of scattering of electrons in an Fe chain from a Pb(110) surface, we es-
timate that the effective Rashba spin-orbit interaction strength induced 
on the chain by the Pb substrate [section 6 of (36)] is about 0.11 eV-Å. 
Using this value in our simple linear chain calculation of Fig. 1, B and C, 
yields a value for the p-wave gap of around 100 μeV, which is qualita-
tively consistent with our experimental results [section 1 of (36)]. Sepa-
rate calculations for an embedded zigzag structure using Pb’s bulk 
atomic spin-orbit coupling also yield a similar value [section 4 of (36)]. 
The qualitative agreement between the theoretical and experimental 
estimates of p-wave gap is remarkable considering the many uncertain-
ties that we have not taken into account, e.g., surface relaxation, surface 
dipole, lattice mismatch, and modification of s-wave pair potentials near 
the surface of Pb. The size of this pairing gap is also consistent with the 
low-energy background tunneling conductance (50% of the normal state) 
observed at 1.4 K in the middle of the wire with the normal tip, as shown 
in Fig. 4 [see also section 9 of (36) for more details]. We also note that 
our experiments are in a regime where coupling strength between the 
STM tip and the MQP at the end of our chains is small in energy, as 
compared to the thermal energy, resulting in the suppression of the zero 
bias conductance (1.3 × 10−4 e2/h, as shown in Fig. 4) from the ideal 
value of 2e2/h (45). Evidence for a gap in the middle of our chains, with 
a value that is in line with model calculations, together with ZBPs at 

their ends completes the list of experimental observations required to 
conclude that superconductivity on our ferromagnetic atomic chains is 
topological in nature. 

Finally, we comment on the particle-hole asymmetric features at en-
ergies above the minimum gap of our chain measured with normal tips 
(near ±1 meV) throughout the chain, shown in Fig. 4). These features in 
the spectra are reproducible and reminiscent of the band of Yu-Shiba-
Rusinov in-gap states found in the 2D model calculation of Fig. 1D. Our 
DFT calculations show that there is significant charge transfer from the 
Pb substrate to the Fe chain, resulting in a linear dipole moment density 
(per Å) of 0.02 e·Å perpendicular to the Pb surface. As in the case of 
isolated magnetic impurities, this potential makes tunneling in to and out 
of the in-gap states asymmetric (see also results of simulations in Fig. 
1D that include such a potential) (40, 41). These in-gap states also 
change approaching the end of our chains; however, they are always 
distinct in energy from the ZBP we associate with the MQP, even at the 
end of the chain [see fig. S14 in (36) for example]. 

Experimental checks for interpretations other than MQPs 
To address alternatives to the MQP interpretation of the ZBP, we have 
carried out a number of control experiments. First, we examine the pos-
sibility of the ZBP being due to a Kondo resonance, which has been 
raised in the context of semiconductor nanowire experiments where 
there is experimental evidence for a Kondo effect (21, 22). To address 
this issue, we have carried out experiments in weak magnetic fields 
(0.1T) that suppress superconductivity in the Pb substrate. All features 
associated with the gap in the middle of the chains and the ZBP at their 
ends disappear in the absence of superconductivity in Pb [section 7 of 
(36)]. If the ZBPs at the ends of the chains were due to the Kondo effect, 
we expect that increasing the DOS near EF in the normal state would 
only enhance the ZBP rather than suppress it. The importance of super-
conductivity to the formation of the ZBP also rules out alternative sce-
narios in which such peaks appear due to disorder effects. Second, our 
spin-polarized STM measurements do not show significant magnetiza-
tion change at the end of the chain, which discounts the unlikely scenario 
in which the pairing gap at the end of the chain is strongly suppressed 
and therefore gives an apparent ZBP. Third, structural and potential 
defects in our substrate cannot produce in-gap states (including ZBPs) in 
accordance with Anderson’s theorem and previous experiments, which 
show that, for conventional s-wave superconductors, in-gap states are 
not induced by non-magnetic adsorbates or step edges (40, 41). 

Finally, we add that we have found very short Fe chains (~30-40 Å) 
in which the ZBPs are strongly suppressed [section 8 of (36)]. This ob-
servation suggests that coupling the end states to each other suppresses 
the signatures we are associating with MQPs. Although more detailed 
length dependence experiments are needed to characterize the decay 
length of MQP end states more quantitatively, this experiment establish-
es that our ZBPs are not associated with disorder at the end of our 
chains. More specifically, our model calculations show the wavefunction 
of the MQP at one end of our hybrid chain-superconductor system to 
have a combination of power-law decay (on the Fermi length scale) and 
an exponential decay (related to the p-wave pairing’s coherence length) 
as a function of distance from the end of the chains [section 2 of (36)] 
(46). Our experimentally observed decay of the ZBP over 15-20 Å (Figs. 
4 and 5) is likely associated with the power-law decay and the effective 
Fermi wavelength in our chain and is consistent with the suppression of 
the MQP signatures in chains of double that length. The small ZBP split-
ting that may be present even in our longest chains is smaller than our 
energy resolution, which is about 100 μeV for measurements with the 
superconducting tip. Besides the coupling between the MQPs on either 
side of a chain, there are situations where multiple channels on the chain 
can give rise to multiple MQP at the same end of the chain [section 2 of 
(36)]. Generically, a perturbation can couple and split these MQPs, un-
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less they are protected by a symmetry [see for example, (47)] of the 
system, resulting in the absence of topological superconductivity. Ulti-
mately, the splitting of our MQPs needs to be experimentally tested us-
ing higher-resolution measurements. Our ability to characterize splitting 
is limited by thermal broadening (1.4 K), which accounts for the width 
of the experimental features and contributes to the background tunneling 
conductance at zero bias—so-called quasi-particle poisoning of MQP 
[section 9 of (36)] Future studies will require milli-kelvin STM meas-
urements, a capability that has already been demonstrated in experiments 
on other exotic superconductors (48). Overall, based on the results of 
these control experiments together with the observation of all 4 enumer-
ated experimental signatures, we conclude that our results are consistent 
with the realization of a topological superconducting state with localized 
MQPs. 

Outlook 
The experimental system described here demonstrates a platform for 
future experiments to manipulate MQPs and to realize other related one 
or two-dimensional topological superconducting phases. An obvious 
extension of our experiments is to 2D islands of ferromagnetic films on 
the surface of Pb. Provided these films are thin enough, a few monolayer 
as in our chains, pairing could be stabilized at a reasonable temperature 
and the edges of these islands could harbor propagating Majorana 
modes. The detailed structure of such modes, whether they can be chiral 
or fully in-gap, depends on the spin-orbit coupling configuration. 
Searching for other systems with both even or odd number of band 
crossing at EF on Pb can be used to further test the concept behind our 
studies and should show both topological and non-topological supercon-
ducting phases. Although the phase with the even number of crossing at 
the EF is not topological, it is a model system to form the Fulde-Ferrell-
Larkin-Ovchinnikov (FFLO) phase that has a modulated gap structure 
with a periodicity related to (in the simplest case) the difference between 
the two Fermi points (1D) or circles (2D) (49, 50). STM spectroscopic 
mapping can be used to characterize the modulated gap structure of this 
system and provide evidence for an FFLO phase. 

Ultimately, manipulation of MQPs is required to demonstrate braid-
ing and the non-Abelian characteristics of these quasi-particles. We have 
recently proposed that application of a parallel magnetic field to ring like 
magnetic atomic structures fabricated on a thin film superconductor can 
be used to generate edges between trivial and topological regions with 
MQP in such rings (51). The rotation of the parallel magnetic field (that 
does not perturb superconductivity in thin films) can then be used to 
manipulate and braid MQPs in ring like atomic structures. This proposal 
applies to both the spin-helix arrangement of magnetism as well as to the 
ferromagnetic chains studied here. In addition to manipulating MQPs, 
parallel field applied to a chain on a thin film superconductor can also be 
used to drive the chains between topological and trivial superconducting 
phases. Ultimately, atomic manipulation techniques with the STM can 
be used to fabricate complex magnetic structures in which MQP may be 
engineered and manipulated. 
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Fig. 1. Topological superconductivity and Majorana fermions in Ferromagnetic atomic chains on a 
superconductor. (A) Schematic of the proposal for Majorana quasi-particle (MQP) realization and detection: 
a ferromagnetic atomic chain is placed on the surface of strongly spin-orbit (SO) coupled superconductor and 
studied using scanning tunneling microscopy (STM). (B) Band structure of a linear suspended Fe chain before 
introducing spin-orbit coupling or superconductivity. The majority spin-up (red) and minority spin-down (blue) 
d-bands labeled by azimuthal angular momentum m are split by the exchange interaction J (degeneracy each 
band is noted by the number of arrows). (C) Regimes for trivial and topological superconducting phases are 
identified for the band structure shown in (B) as a function of exchange interaction in presence of SO coupling. 
The value J for Fe chains based on DFT calculations is noted [sections 1 and 3 of (36)]. (D) Model calculation 
of the local density of states (LDOS) of the atomic chain embedded in a 2D superconductor [section 2 of (36)]. 
Left panel shows an image of the chain and the locations at which the LDOS is represented in the right panel; 
the LDOS curves are offset for clarity. In-gap (Shiba) and zero-energy (MQP) features in LDOS are noted. (E) 
Spatially resolved LDOS calculated at various energies noted at the bottom using the same model. Red (blue) 
indicates regions of the high (low) LDOS. 
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Fig. 2. Atomic Fe chains on Pb 
(110). (A) Topograph of the Pb (110) 
surface after growth of Fe showing Fe 
islands and chains indicated by white 
arrows and atomically clean terraces 
of Pb (regions with the same color) 
with size exceeding 1000 Å. Lower-
right inset shows the anisotropic 
atomic structure of the Pb(110) surface 
with interatomic distances in the two 
directions, a = 4.95 Å and 

2 3.5a =  Å, as expected for the 

face-centered cubic crystal structure. 
Upper-left insets show images of 
several atomic Fe chains and islands 
from which they grow (scale bar 
corresponds to 50 Å). (B) Fine scale 
topograph. The color-coded lines 
correspond to the line traces in (C) and 
(D). The scale bar corresponds to 20 
Å. (C) A cross section of the image in 
(B) along the chain measured on top of 
the chain (light brown) and along two 
different lines next to the chains 
(purple and blue) showing atomic 
corrugation of the chain and strain 
induced in the substrates. Both are 
influenced by the incommensurate 
placement of the Fe atoms in Pb. (D) 
Apparent STM height profile on the 
substrate (black) and across the 
atomic chain (green). (E and F) Atomic 
structure of the zigzag chain as 
calculated using DFT [section 3 of 
(36)] along (A) and across (F) the 
chain. The Fe chain structure that has 
the lowest energy in the DFT 
calculations matches the structural 
features in the STM measurements (B 
to D). All measurements were carried 
out at 1.4 K. 
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Fig. 3. Spin-polarized measurements and normal state characterization of Ferromagnetic chains. (A) Spatially 
average (over region of about 100 Å) STM tunneling conductance as a function out-of-plane applied magnetic field H on 
the atomic chain and the substrate measured with a spin-polarized bulk Cr/Fe tip (inset shows a schematic of the 
measurement, set point V = 30 mV, I = 0.75 nA). Tip switching occurs at ± 0.25 T. (B) Difference between conductance 
on and off the chain shown in (A). (C) Topography of the chain colorized by the conductance at ±1 T from low 
conductance (dark blue) to high conductance (dark red). (D) STM point spectra of the atomic chain and the substrate. 
(E) DOS computed using tight binding model of a zigzag Fe chain as describe in section 4 of (36). 
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Fig. 4. Spectroscopic mapping of atomic chains and ZBPs. (A) STM spectra measured 
on the atomic chain at locations corresponding to those indicated in panels (B) and (C). For 
clarity, the spectra are offset by 100 nS. The red spectrum shows the ZBP at one end of 
the chain. The gray trace measured on the Pb substrate can be fit using thermally 
broadened BCS DOS (dashed gray line, fit parameters Δs = 1.36 meV, T = 1.45 K). (B and 
C) Zoom-in topography of the upper end (B) and lower end (C) of the chain and 
corresponding locations for spectra marked (1-7). (D and E) Spectra measured at marked 
location as in (B) and (C). (F) Spatial and energy-resolved conductance maps of another 
Fe atomic chain close to its end, which shows similar features in point spectra as in (A). 
Conductance map at zero bias (middle panel) shows increased conductance close to the 
end of the chain. Scale bar corresponds to 10 Å. We note that the localization length of the 
MQP observed here is a factor of 10 or smaller in length than the distance from the end to 
the islands that form in the middle of the chains. 
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Fig. 5. High energy-resolution spectra obtained using a superconducting tip. (A) Point spectra on the superconducting 
substrate (with a gap of ΔS) using the superconducting tip (with a gap of ΔT) shows a peak at ΔT + ΔS. Upper schematic shows 
alignment of the BCS DOS for the tip and the sample as a function of bias, which results in the conductance at ΔT + ΔS and 
suppressed conductance at lower voltages. (B) STM spectra at the end of the Fe chain showing a peak at ΔT which corresponds to 
the ZBP (inset shows schematics of the DOS alignment between the tip and the sample). The shape of the spectra and the higher 
peak indicate that the ZBP resides in a gap even at the end of the wire. (C) Point spectra in the middle of the Fe atomic chain 
showing a peak at ΔT + 300 μV, signaling the approximate value of the effective p-wave gap in the bulk of the chain. (D) 
Topographic image of the atomic chain and spatially resolved conductance maps for |eV1| = ΔT = 1.36 meV and |eV2| = ΔT + 0.3 
meV. The left image indicates where the point spectra in panels (B) and (C) are taken. The scale bar corresponds to 20 Å. 
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