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Robustness of Majorana modes to a 
disorder potential in atomic chains on a 
superconducting Rashba alloy
 

Harim Jang    1  , Daniel Crawford    2, Khai That Ton1, Lucas Schneider1, 
Jens Wiebe    1, Makoto Shimizu    3, Harald O. Jeschke    4, Stephan Rachel    5 & 
Roland Wiesendanger    1 

Majorana modes offer great potential for fault-tolerant quantum 
computation due to their topological protection. However, intrinsic 
disorder makes the unambiguous detection of Majorana modes difficult 
in the commonly used hybrid superconductor–semiconductor nanowire 
platform. By contrast, for magnet–superconductor hybrid systems, 
Majorana modes were theoretically predicted to be very robust against 
disorder, but no experimental confirmation of this has been reported 
so far. Here we demonstrate that these modes are indeed robust in 
one-dimensional spin chains constructed from individual iron atoms 
on a Rashba surface alloy with proximity-induced superconductivity. 
Although the chains exhibit perfect crystalline order, we observe nanoscale 
potential disorder of the BiAg2/Ag(111)/Nb(110) heterostructure by scanning 
tunnelling microscopy. However, this does not prevent the emergence of 
zero-energy modes at both ends of the atomic chains, in agreement with 
tight-binding calculations showing that these modes are only found in the 
topologically non-trivial regime of the phase diagram. Our results explain 
the earlier observation of zero-energy Majorana modes in disordered Fe 
chains on other superconducting substrates, and may provide an avenue for 
the realization of Majorana qubits.

Atomic magnetic chains on superconducting (SC) substrates have been 
proposed as a promising platform for the observation of topological 
superconductivity and associated zero-energy Majorana modes1–7. 
Signatures for Majorana modes have indeed been found experimentally 
for self-assembled Fe chains on an SC Pb(110) substrate by detecting 
zero-energy peaks in the differential tunnelling conductance (dI/dV) 
spectra measured by scanning tunnelling spectroscopy (STS) at the 
ends of such Fe chains8–10. However, a topological gap could not be 
detected for this particular magnet–superconductor hybrid (MSH) 

system even down to a temperature of 30 mK. Moreover, the influence 
of disorder11,12, as present for these self-assembled Fe chains on Pb(110), 
could not be clarified in these early investigations. Subsequent STS 
studies on disorder-free atom-by-atom-constructed close-packed 
Fe chains on SC Re(0001) confirmed the emergence of zero-energy 
states at both ends of perfectly ordered chains as a function of chain 
length, whereas a topological gap could not be detected at the meas-
urement temperature of 300 mK (refs. 13,14). Further artificially 
designed MSH platforms (for example, on the basis of diluted spin 
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to a pair of YSR in-gap states, whereas the spectroscopic features at 
E − EF = ±1.3 meV are caused by the SC coherence peaks. By contrast, 
the tunnelling spectrum of the Fe hollow-site adatom exhibits a pro-
nounced YSR state located at EF.

Besides the strong adsorption-site dependence of the YSR 
bound-state energies, there is also a marked difference in the spatial 
extension of YSR states for Fe adatoms on bridge and hollow sites. 
Figure 1m shows a large-scale constant-current STM image of the BiAg2/
Ag(111)/Nb(110) surface with several Fe adatoms adsorbed on either 
bridge or hollow sites (examples are indicated by a dashed green arrow 
and a yellow arrow, respectively). Interestingly, the corresponding 
spectroscopic dI/dV map obtained for eV = −EF (Fig. 1n) reveals that the 
pronounced YSR state of hollow-site Fe adatoms exhibits long-range 
oscillations over more than 10 nm with a periodicity of around 2 nm 
(Fig. 1n, yellow arrow), whereas the bridge-site Fe adatoms show states 
spatially localized to atomic-scale dimensions (Fig. 1n, green arrow). 
The amplitude of the long-range YSR state oscillations decays inversely 
proportional to the distance from the hollow-site Fe adatoms, suggest-
ing that the YSR bound states originate from an exchange coupling to 
an effectively two-dimensional (2D) superconductor associated with 
the BiAg2 monolayer film (Supplementary Section 2).

On the basis of our atomic-scale spectroscopic studies of the 
site-specific YSR states, we can conclude that the hollow-site Fe 
adatoms are the most promising as elemental building blocks for the 
construction of spin chains on BiAg2/Ag(111)/Nb(110) in view of achiev-
ing a topologically non-trivial SC state: first, the YSR state energy is 
already close to EF, making it a promising candidate for engineering YSR 
bands crossing EF. Second, the YSR state of the hollow-site Fe adatoms is 
of the long-range nature, thereby facilitating the hybridization between 
YSR states of Fe adatoms even at nanometre-scale distances and, there-
fore, the formation of YSR bands.

Emergence of zero-energy end states in 
bottom-up-constructed Fe chains
We crafted well-defined spin chains by individual Fe-atom manipulation 
to hollow sites, linearly arranged along the [1 ̄10] direction with respect 
to the BiAg2(111) lattice, and with a given interatomic spacing of 
2a ≈ 0.97 nm. Topographic STM snapshots of the systematic construc-
tion of Fe chains with a variable length of two (Fe-2) up to eleven (Fe-11) 
atoms are shown in Fig. 2a. By using spin-polarized STM, we confirmed 
a ferromagnetically ordered state of such atomic Fe chains, in agree-
ment with ab initio calculations (Supplementary Sections 3 and 9).

Energy-dependent dI/dV line profiles were obtained along all Fe-n 
chains, and some representative as-measured as well as numerically 
deconvoluted datasets are presented in Fig. 2c–h, respectively (Sup-
plementary Section 4 shows the evolution of the spectroscopic dI/dV 
line profiles for all Fe-n chains). For Fe-n chains with n > 2, pronounced 
tunnelling conductance peaks at EF (as measured with the SC Nb tip), 
that is, zero-energy edge states in the deconvoluted spectra, were 
found at both ends of the chains, with a linewidth of about 0.2 meV 
(Supplementary Section 4). It is worth noting that the spatially highly 
localized zero-energy edge states emerging in Fe-n chains (n > 2) have 
a fundamentally different origin compared with the YSR state of an 
individual hollow-site Fe adatom being located at EF, because the siz-
able hybridization between YSR states of neighbouring Fe adatoms 
lifts the degeneracy of the YSR bound-state energies for Fe-2 in 2a and 
even 3a chains (Supplementary Section 5). The strong localization of 
zero-energy modes at the ends of relatively short chains was discussed 
and explained previously29. Inside the chains, the YSR band develops at 
around ±0.35 meV, resulting from the hybridization between the YSR 
states of neighbouring Fe hollow-site adatoms.

Figure 2i presents the spectroscopic dI/dV maps of the Fe-11 chain 
at energies of ±EF and ±(EF + 0.35 meV). Zero-energy edge states clearly 
show up by considerable spectral weight only for the Fe hollow-site 
adatoms at the chain ends and only at EF. On the other hand, the dI/dV  

chains15, quantum spin chains16 or SC alloy substrates17) have been 
investigated. Recently, bottom-up-fabricated Mn chains on ultimately 
clean SC Nb(110) substrates allowed the experimental observation of 
a spin–orbit-coupling-induced gap as large as 180 μeV in one of the 
multiorbital Shiba bands18 and chain-length-dependent oscillations of 
the low-energy modes simultaneously probed by STS at both ends of 
disorder-free atomic chains19. These hybridization-induced splitting 
oscillations have been theoretically identified early on as a smoking gun 
for the experimental confirmation of the elusive Majorana modes20,21.

In this work, we present an exciting model-type MSH system con-
sisting of atom-by-atom-constructed Fe chains of various lengths 
on a BiAg2/Ag(111) surface alloy with proximity-induced supercon-
ductivity from a Nb(110) substrate. The BiAg2 surface alloy grown 
epitaxially on a single-crystalline Ag(111) thin film is known to exhibit 
a large Rashba-type spin–orbit coupling22–24, which is expected to 
favour a large topological gap of the MSH system comprising an SC 
Nb(110) substrate, that is, the elemental superconductor with the 
highest SC transition temperature of 9.3 K. We show that the long-range 
nature of the Yu–Shiba–Rusinov (YSR) states of Fe atoms residing on 
hollow sites with respect to the BiAg2 lattice allows for considerable 
hybridization between the Fe atoms even for a spacing of two atomic 
lattice sites. On the basis of low-temperature STS measurements of 
the Fe chains on the SC BiAg2/Ag(111)/Nb(110) substrate as a function 
of chain length, the emergence of highly localized zero-energy modes 
at both ends of these perfectly crystalline Fe chains can be directly 
observed in real space. Tight-binding calculations suggest that this 
MSH system resides in a topologically non-trivial regime and that the 
experimentally observed zero-energy end states can be associated with 
Majorana modes. Interestingly, the BiAg2/Ag(111)/Nb(110) substrate is 
found to exhibit potential disorder, in contrast to earlier experiments 
involving SC single-crystalline Re(0001) and Nb(110) substrates. The 
potential disorder of the BiAg2/Ag(111)/Nb(110) substrate, as revealed 
by atomic-resolution scanning tunnelling microscopy (STM) meas-
urements, affects the spatial distribution of the finite-energy YSR 
bulk states, but does not prevent the observation of zero-energy end 
states, in agreement with model calculations taking a similar potential 
disorder distribution, as observed experimentally, into account. Our 
results provide direct proof for the robustness of Majorana modes in 
MSH systems even in the presence of disorder25,26.

Tailored artificial hybrid materials design
To combine a large spin–orbit coupling with s-wave superconductiv-
ity, as an important ingredient for achieving a topological SC state, 
we have designed and realized a special type of heterostructure con-
sisting of an SC Nb(110) substrate, epitaxially grown Ag(111) islands 
with proximity-induced superconductivity27,28, and a monolayer of a 
BiAg2(111) surface alloy on top exhibiting a √3 × √3R30° superstructure 
(Fig. 1a,d). The dI/dV measurements performed at T = 4.2 K on top of the 
BiAg2 surface alloy clearly reveal the characteristics of an induced SC 
state with an energy gap ΔS of 1.31 meV (Fig. 1g). Since an SC Nb tip was 
used to enhance the energy resolution, the Fermi level (EF) value of the 
sample is shifted by the size of the SC energy gap ΔT of the Nb tip (Fig. 1g, 
dashed line). A numerically deconvoluted spectrum is presented in 
Fig. 1j (Supplementary Section 1 provides details of the deconvolu-
tion procedure). Individual Fe atoms were subsequently deposited on 
the cold BiAg2/Ag(111)/Nb(110) substrate, thereby preventing surface 
diffusion. Atomic-resolution STM measurements reveal two distinct 
adsorption sites for single Fe adatoms (Fig. 1e,f), namely, bridge and 
hollow sites, for which the Fe adatoms are coordinated by two or three 
Bi atoms, respectively (Fig. 1b,c).

The dI/dV spectra measured above individual Fe adatoms on the SC 
BiAg2/Ag(111)/Nb(110) substrate exhibit discrete bound states inside the 
SC gap, the so-called YSR states (Fig. 1h,i shows the as-measured spectra 
and Fig. 1k,l shows the deconvoluted spectra). For the Fe bridge-site 
adatom, there are clearly visible peaks at E − EF = ±0.40 meV related 
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intensity at both ends is highly suppressed at finite energies of the 
YSR bands, which only show up inside the chain. A direct compari-
son between the as-measured tunnelling spectra of edge (Fe(1)) and 
middle atoms (Fe(3)) of the Fe-11 chain is presented in Fig. 2j (these 
positions are highlighted by vertical dashed lines in Fig. 2i; all of the 
as-measured dI/dV(V) data and the deconvoluted spectra of each 
Fe adatom within the Fe-11 chain are presented in Supplementary  
Section 6).

Intrinsic disorder in the BiAg2 surface potential
When examining the spectroscopic dI/dV maps of the Fe-11 chain at 
finite energies (Fig. 2i, top and bottom) in more detail, one can recog-
nize a spatial variation in the dI/dV intensity from one Fe atom to the 
next. This is associated with a local variation in the YSR state energies 
and contributes to the observed width of the YSR band (Fig. 2f–h). We 
have carefully investigated the origin of this effect and found that it is 
connected with a nanoscale surface potential disorder typical for the 
BiAg2 surface alloy prepared on Ag(111)/Nb(110) and not found on bare 

surfaces of elemental superconductors, such as Re(0001) (refs. 14,15) 
or Nb(110) (refs. 18,19). Even though the Bi atoms form a well-ordered 
hexagonal lattice (Fig. 1d), a spatial variation in the local density of 
states (LDOS) on the nanoscale can clearly be recognized in large-scale 
constant-current STM images (Fig. 2k). The observed nanoscale elec-
tronic inhomogeneity most probably originates from local strain effects 
in the bulk of Ag(111) nanostructures grown on Nb(110) (ref. 30) or 
from structural inhomogeneities at the Ag(111)/Nb(110) interface. The 
degree of disorder can be quantified by the distribution of recorded 
relative Z-height values above the Bi-atom sites, where stronger disor-
der increases the width of the distribution (Fig. 2k, right). Despite the 
presence of an intrinsic potential disorder on the BiAg2 surface, which 
affects the spatial distribution of the finite-energy YSR bulk states, it 
does not influence the spatial homogeneity of the proximity-induced 
SC state of the BiAg2 surface alloy (Supplementary Section 7) and it does 
not prevent the observation of the zero-energy end states of the atomic 
Fe chains on the SC BiAg2/Ag(111)/Nb(110) heterostructure (Fig. 2i and 
Supplementary Section 8).
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Fig. 1 | YSR states of single Fe adatoms on the BiAg2 surface alloy on Ag(111)/
Nb(110). a–c, Top views of the schematic of the surface structures of the (√3 × √3) 
BiAg2/Ag(111)R30° surface alloy without adatom (a) and with single Fe adatom on 
the bridge (b) and hollow site (c). The large red spheres at the centre, the pale  
blue and small dark sphere symbolize Fe adatoms, Bi atoms and Ag atoms, 
respectively. The crystallographic directions are given in a. d–f, Atomically 
resolved constant-current STM images of the bare BiAg2 surface alloy with a Bi 
lattice period of 485 pm along the [1 ̄10] direction (d), the Fe bridge-site adatom 
(e) and the Fe hollow-site adatom (f). Scale bars, 1 nm. g–i, dI/dV spectra as a 
function of energy (eV) measured on the BiAg2 surface alloy (g) and on top of the 
Fe bridge-site adatoms (h) and Fe hollow-site adatoms (i). The vertical dashed 

lines correspond to the sample’s EF, which is determined based on the SC gap of 
the Nb tip. j–l, Numerically deconvoluted dI/dV spectra for the BiAg2 surface alloy 
(j) and Fe bridge-site adatoms (k) and Fe hollow-site adatoms (l). m, Constant-
current STM image of the BiAg2/Ag(111)/Nb(110) surface with Fe bridge-site  
(green dashed arrow) and Fe hollow-site (yellow arrow) adatoms. Scale bar, 10 nm.  
n, Spectroscopic dI/dV map obtained for eV = −EF. The YSR states of the Fe 
bridge-site adatoms appear highly localized on the atomic scale, whereas the YSR 
state of the Fe hollow-site adatoms exhibits long-range spatial oscillations 
extending over more than 10 nm. Measurement parameters: T = 4.2 K, 
Vmod = 40 μV and Vstab = 5 mV; Istab = 0.4 nA (d–f), Istab = 1 nA (g–i) and  
Istab = 0.4 nA (m and n).
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Fig. 2 | Bottom-up-fabricated Fe chains on SC BiAg2/Ag(111)/Nb(110) and 
their spectral characteristics. a, Constant-current STM images of artificially 
constructed Fe-n chains from Fe-2 (top) to Fe-11 (bottom) on the BiAg2 surface 
alloy, where n is the number of Fe hollow-site atoms in the chain. All the distances 
between Fe hollow-site atoms are twice the Bi–Bi distance: 2a ≈ 0.97 nm.  
b, Schematic of the Fe-11 chain on BiAg2. c–e, dI/dV line profiles of Fe chains along 
the centre of the chains’ axis (horizontal dashed line in a as an example) for the 
representative Fe chains Fe-4 (c), Fe-7 (d) and Fe-11 (e), as measured with an SC Nb 
tip. The horizontal dashed lines correspond to the sample’s EF determined from 
the SC gap of the Nb tip. For c–h, the x axis denotes the sequentially numbered  
Fe atom from the left side of the chains. f–h, Numerically deconvoluted dI/dV line 
profiles from c–e (Supplementary Section 1). i, dI/dV maps taken on the  
Fe-11 chain at representative energies. The vertical dashed lines correspond to 
the positions of the first and third Fe atoms from the left side of the chain.  
j, Comparison between the dI/dV(eV) spectrum for the edge Fe atom Fe(1) and  

the Fe(3) site. The vertical dashed and dotted lines correspond to the sample’s EF 
 and eV = ±1.40 meV, respectively, that is, the energies chosen for the dI/dV maps 
in i. k, Atomically resolved constant-current STM image of the BiAg2 surface  
alloy on Ag(111)/Nb(110), showing nanoscale spatial variations in the LDOS.  
A histogram of the measured Z-height values above the Bi-atom sites is presented 
in the panel on the right, along with a Gaussian curve fit. Scale bars, 2 nm  
(a, i and k). l, Theoretical model of the disordered BiAg2 surface involving 
a correlated potential disorder µi to the substrate sites. Although the tight-
binding model only involves Bi sites, to aid the eye, we additionally use a cubic 
interpolation to plot the substrate potential between Bi sites. A histogram of 
the Gaussian disorder is shown to the right. Measurement parameters: T = 4.2 K, 
Vstab = 5 mV, Vmod = 40 μV; Istab = 0.2 nA (a), Istab = 0.5 nA (c and d); Istab = 1 nA  
(e, i and j); Istab = 0.4 nA (k). Note that a different STM tip apex was used for c and 
d compared with e, i and j, where the latter features a slightly enhanced energy 
resolution.
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Robustness of Majorana zero modes
To support the interpretation of the experimental results, we con-
structed a minimal tight-binding model involving superconductivity 
to analyse atomic Fe chains on BiAg2/Ag(111)/Nb(110) (Supplementary 
Section 10). To this end, we only considered the top-surface Bi atoms 
forming a hexagonal lattice with period a as the substrate, where Fe 
atoms are placed on the hollow sites of the Bi lattice with distance 2a 
between neighbouring Fe atoms (Fig. 3a). The Bi atoms are coupled to 
an isotropic SC s-wave order parameter Δ0, whereas the Fe atoms have 
a magnetic moment of size J. Thus, our model mimics the SC proxim-
ity effect, when we observe (topological) superconductivity on the Fe 
chain. Despite being minimal, the model’s parameter space is far too 
large; our strategy here was to use experimental insights and results 
from ab initio calculations, to reduce this parameter space as much as 
possible and in the most realistic way. For the normal state, we fitted a 
parabolic, spin-split substrate band with standard Rashba spin–orbit 
coupling to the quasiparticle interference measurements of ref. 31 
(Fig. 3b and Supplementary Section 10). This allows us to determine 
reasonable parameters for the hopping, chemical potential and Rashba 
spin–orbit coupling (t, µ, α) = (100, –545, 25) meV of the substrate, 
by matching the Rashba energy ER and scattering vector q. Although 
ΔNb = 1.51 meV, and up to 87% of that was measured on the BiAg2 sur-
face owing to a strong SC proximity effect, we must use a substantially 
larger value of Δ0 for our purely 2D model to account for the absence 
of a three-dimensional SC substrate. Although, in the experiment, the 
proximity-induced SC gap measured on the chain Δ is similar to the 

bulk gap Δ0, in our model, the absence of a three-dimensional SC sub-
strate results in Δ < Δ0. We chose Δ0 = 70 meV and a value for the Fe–Bi 
hybridization of Γ = 35 meV to match the experimentally observed spec-
tral features in Fig. 2j, corresponding to an upper limit of the minigap 
of Δmini/Δ ≈ 0.05/1.5, estimated from the experimental energy resolu-
tion, and a YSR bandwidth of approximately Δ/4 (Fig. 2e,h). Next, we 
performed density functional theory calculations (Supplementary 
Section 9) for 2a-Fe chains on BiAg2/Ag(111)/Nb(110), which turned 
out to be ferromagnetically coupled (approximately −1.3 meV for unit 
moments) with energetically preferred out-of-plane moments, in line 
with the spin-polarized STM measurements (Supplementary Section 3). 
The remaining parameters are the chemical potential of Fe atoms, µFe, 
and the effective magnetic moment J. To guarantee that the energy of 
the single YSR state of a hollow-site Fe adatom assumed in the model is 
EYSR ≈ 0, as observed experimentally (Fig. 1i,l), we have to satisfy the rela-
tion µ ≈ J + Γ/3. The resulting one-dimensional model is in topological 
class D (refs. 32,33) with a Z2 invariant. This is readily verified by com-
puting the Z2 invariant for an infinitely long chain (periodic boundary 
conditions), leading to the phase diagram shown in Fig. 3c. Next, we 
focused on chain length L = 11 on a substrate with 400 × 10 Bi atoms 
and open-boundary conditions. Such large substrates are necessary to 
observe the SC coherence peaks of the substrate at E ≈ Δ0. In Fig. 3d, we 
show a typical phase diagram depending on J and µFe, featuring a sizable 
region of topological superconductivity. The topologically non-trivial 
regime is identified by (1) states at E = 0 (Fig. 3d, white dashed line) and 
(2) a finite gap E1 − E0 (Fig. 3d, colour plot). The cross (plus) symbols in 
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experiments on the BiAg2 surface alloy31. c, Topological phase diagram for an 
infinite chain as a function of µFe and J (Γ = 35 meV), with the black region being 
topologically non-trivial. d, Topological phase diagram for a finite chain (L = 11) 
with the adatoms placed on the hollow sites of a much larger substrate; the white 
dashed lines surround regions in a parameter space with E = 0 ground state.  

The colour map indicates the energy gap between the ground state and the  
first excited state. The red cross and plus symbols correspond to parameter  
pairs (µFe, J) for a topological and trivial regime, respectively, used in e–g.  
e–g, LDOS(E, x) plots for the trivial phase (J = 18 meV, µFe = 30 meV) (e), 
topological phase for L = 11 (J = 22 meV, µFe = 30 meV) (f) and topological phase  
for L = 30 (J = 22 meV, µFe = 30 meV) (g). The bottom panels show the LDOS(x, y) 
plots for E = 0, and for the first excited state, as indicated by the white dashed 
lines in the panels above.
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Fig. 3d correspond to parameters guaranteeing topological (trivial) 
superconductivity and EYSR ≈ 0 of a single impurity on a hollow site.

We considered three cases: (1) an L = 11 chain with J = 18 meV 
(Fig. 3d, plus symbol), being topologically trivial with an induced 
minigap Δtriv = 2 meV; (2) an L = 11 chain with J = 22 meV (Fig. 3d, cross 
symbol), being topologically non-trivial with an induced minigap 
Δtopo = 2 meV; (3) we also show an example for a longer chain (L = 30 
chain, J = 22 meV, topological regime, induced minigap Δtopo = 2 meV) 
to demonstrate that our results are robust on varying the system size 
(μ = 30 meV for all three cases). We show the LDOS(E, x) along the 
chain for these three cases in Fig. 3e–g, along with the corresponding 
LDOS(x, y) for E = 0 close to the chain, and LDOS(x, y) at the energy 
of the band gap. In both LDOS(E, x) and LDOS(x, y) at E = 0, localized 
Majorana modes are indicative of the topological phase and can be 
clearly distinguished from the bulk states. In the trivial phase, there 
are no zero-energy end states.

We now turn to the disorder analysis of the BiAg2 surface alloy. We 
modelled the disordered BiAg2 surface by applying a correlated poten-
tial disorder µi to the substrate sites (Fig. 2l). We used a Gaussian noise 
source similar to the experimental data (Fig. 2k), and applied a low-pass 
filter (Supplementary Section 11) to eliminate short-wavelength cor-
relations. We chose a cut-off frequency such that there are nanoscale 
correlations in the disorder distribution (Fig. 2l), similar to the experi-
ment (Fig. 2k). We selected the strength D of the disorder distribution 
such that the hard minigap just closes and only a soft minigap remains; 
at the same time, the Majorana modes remain well defined and are 
clearly visible within the LDOS(E, x) plots (Fig. 4d,e). Furthermore, 
we chose the width of the Gaussian source D such that the resulting 
LDOS is similar to experiment, up to D ≈ Δ. We computed 100 disorder 

realizations based on the three cases discussed above. We plot the 
disorder-averaged density of states (DOS; Fig. 4a–c) taken at one chain 
end (the DOS at the other end is essentially identical after disorder 
averaging), highlighting the effects of disorder on the YSR band and 
the end states. Although disorder can localize the zero-energy states, 
we did not find spurious zero-energy end states in the trivial phase in 
any of our simulations. By contrast, the zero-bias peak in the DOS due 
to the Majorana modes is robust to disorder over an extended range 
of disorder strengths. Due to the spin-triplet correlations, in all cases, 
disorder results in a soft minigap (Supplementary Section 10). We 
also show LDOS(E, x) in the topological phase for a single but repre-
sentative disorder realization (Fig. 4d,e), for L = 11 and L = 30 chains. 
In both cases, the edge of the soft gap has shifted to a lower energy due 
to disorder. Although the Majorana modes remain localized, in both 
cases, there is an asymmetry in the spectral weight of the Majorana 
modes, reflecting the substrate disorder. Similarly, the bulk states 
are not periodic due to the disordered substrate. All results remain 
qualitatively unchanged when considering other types of disorder 
(Supplementary Section 11), thereby demonstrating the universal 
behaviour and robustness of Majorana modes in disordered MSH 
structures. Our findings may offer an explanation why Majorana modes 
could be observed earlier at the ends of highly disordered Fe nanowires 
self-assembled on SC Pb(110) substrates8–10. Moreover, on the basis 
of our results, MSH systems may provide a superior platform for the 
demonstration of robust Majorana qubits required for fault-tolerant 
topological quantum computation34–36.
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Methods
Sample and STM tip preparation
The single-crystal Nb(110) surface was prepared by several 
high-temperature flashes up to a temperature of T ≈ 1,800 K. Extended 
Ag(111) islands were epitaxially grown on the oxygen-reconstructed 
Nb(110) surface via a multiple-step process. First, two monolayers of 
Ag were deposited as a wetting layer on Nb(110) at T ≈ 600 K. As the 
second step, the formation of nuclei of Ag islands on the Ag wetting 
layer was achieved at a lower temperature of T ≈ 400 K. More Ag was 
then deposited at an elevated temperature of T ≈ 650 K, leading to 
Ag(111) island growth around the nuclei. Islands with a thickness of 
10–30 nm were obtained. As the last step, the substrate was held at an 
elevated temperature for a few minutes to reduce lattice defects and 
disorder. Subsequently, 0.33 monolayer of Bi atoms were deposited on 
the Ag(111) surface at T ≈ 160 K, followed by post-annealing, leading to 
a well-ordered BiAg2 surface alloy. Finally, Fe adatoms were deposited 
on the BiAg2 surface and keeping the substrate temperature below 
7 K. All of the Fe chains were constructed in the bottom-up manner by 
using STM-based lateral atom manipulation techniques at tunnelling 
gap resistances of RT ≈ 30–200 kΩ. A mechanically cut polycrystalline 
Nb wire was used for the STM/STS measurements. The Nb-tip apexes 
were shaped by touching the sample surface gently until high energy 
and spatial resolutions were obtained. Spin-polarized YSR tips were 
prepared by picking up a few Fe adatoms from the surface, forming a 
Fe cluster at the SC tip apex37.

STM/STS measurements
The experiments were performed with a commercial SPECS STM sys-
tem38 (Fig. 1m,n and Supplementary Figs. 2 and 6) and a custom-built 
STM operated in a single-shot He-3 cryostat connected to an 
ultrahigh-vacuum chamber system39. Constant-current STM images 
were obtained by stabilizing the tunnelling current Istab across the 
superconductor(Nb)–insulator (vacuum)–superconductor (BiAg2/
Ag/Nb) junction via the proportional–integral feedback loop and 
applying a fixed bias voltage Vstab. For measurements of the dI/dV spec-
tra as a function of energy (eV), the feedback loop was open and the  
dI/dV values were recorded by sweeping the sample bias voltage V. The  
dI/dV line profiles were also measured identically, but the junction was 
newly stabilized at each point. A standard lock-in technique was used 
with a small modulation voltage Vmod (r.m.s) of frequency fmod on top 
of the applied d.c. bias voltage V. The range of fmod was from 1.2 kHz to 
4.5 kHz. The dI/dV maps were acquired by using the constant-contour 
method, that is, by first measuring the surface corrugation (Z-height 
profile) at a fixed bias voltage Vstab and afterwards measuring once 
again with a different bias V, but following the surface contour as 
determined before.

Data availability
The datasets generated during this study are available from the cor-
responding authors on reasonable request. Source data are provided 
with this paper.
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