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Disorder has appeared as one of the main mechanisms to induce topologically trivial zero-energy states in
superconductor-semiconductor systems, thereby challenging the detection of topological superconductivity and
Majorana bound states. Here, we demonstrate that, for disorder in any part of the system, the formation of
disorder-induced trivial zero-energy states can, to a large extent, be mitigated by keeping the coupling between
the semiconductor and superconductor weak. The only exception is strong disorder in the semiconductor, where
instead the strong-coupling regime is somewhat more robust against disorder. Furthermore, we find that the topo-
logical phase in this weak-coupling regime is robust against disorder, with a large and well-defined topological
gap which is highly beneficial for topological protection. Our work shows the advantages and disadvantages
of weak and strong couplings under disorder, important for designing superconductor-semiconductor hybrid
structures.

DOI: 10.1103/PhysRevB.107.184519

I. INTRODUCTION

Superconductor-semiconductor (SC-SM) hybrid systems
have received much attention in the last 10 years due to their
potential for the realization of topological superconductivity
and Majorana bound states (MBSs) [1–9]. MBSs have been
predicted to appear under a strong applied magnetic field,
emerging at zero energy and located at the ends of the system
[10–12]. Although multiple detection schemes of MBSs have
been reported, quantized zero-bias conductance peaks have
been one of the most pursued signatures [13–16], motivating
many transport-based experiments to detect MBSs [17–24].
However, it is clear by now that zero-bias peaks do not nec-
essarily represent evidence of MBSs because topologically
trivial zero-energy states (TZESs) can also produce similar
signatures [7,25–41].

Among the most relevant mechanisms known to cause
the formation of TZESs are spatial inhomogeneities in the
effective chemical potential profile of the SM [7,31,36,42,43].
Such spatial variations can occur due to distinct effects, such
as gate voltages [44], finite-size effects of the SC [45–48],
and random fluctuations due to charge inhomogeneities or
generally scalar disorder [49–59]. While the effect of gates
can, in principle, be controlled [44,60], the size of the SC
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and disorder are much harder to avoid in real samples. In fact,
recent measurements of zero-bias peaks have been interpreted
in terms of disorder-induced TZESs [22,61–63], suggesting
disorder is the main obstacle to realize MBSs [64–66]. Also,
it has been shown that the coupling between the SC and SM
considerably affects the low-energy properties. In particular,
strong couplings, seen earlier as favorable due to the large
induced gaps in the SM [67], induce detrimental effects such
as renormalization of the physical parameters of the SM, the
need of large Zeeman fields to reach the topological phase,
and also the formation of TZESs [45–47,68]. As a result,
the interplay of disorder and SC-SM coupling challenges the
realization of topological superconductivity.

In this work we study the influence of scalar disorder in
SC-SM hybrid systems and show that its impact can largely be
suppressed in the weak SC-SM coupling regime. In particular,
we discover that disorder in any part of the system does not
induce TZESs, in stark contrast to the strong-coupling regime.
We find that this effect holds for a broad range of disorder
strengths when present in the SM, SC, or the coupling. We
find the only exception to be the case of very strong disorder
in the SM; there, the strong-coupling regime shows better
resilience against disorder. We also obtain that the topological
phase in the weak-coupling regime is robust against strong
disorder, with a well-defined topological gap and the ab-
sence of disorder-induced in-gap states. Our results thus allow
tailoring the coupling strength depending on the dominant
sources of disorder, which is relevant when designing efficient
superconductor-semiconductor systems.

II. SC-SM MODEL

We consider a disordered SC-SM system formed by
coupling a two-dimensional (2D) conventional spin-singlet
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FIG. 1. Schematics of the system: SM (red) of length LSM in a
parallel magnetic field B coupled through � to a thin-film conven-
tional SC of length Lx and width Ly (blue). Part of the SM is not
coupled to the SC, thus remaining in the normal state, giving rise to
a SCN junction.

s-wave SC and a one-dimensional (1D) SM nanowire with
strong spin-orbit coupling under a Zeeman field B, as shown in
Fig. 1. This coupled model goes beyond the usual 1D effective
description and captures several realistic properties of SC-SM
systems [45–47,69–71], such as the renormalization of all
parameters in the SM and not just the inclusion of supercon-
ductivity, the hybridization between the SM and SC, and the
quality of the SC-SM interface (see also Refs. [1–8]). Disor-
der is taken into account in the form of nonmagnetic scalar
disorder [72], as it is likely the most unavoidable type of dis-
order present in all the regions of the SC-SM system [22,61–
66,73,74]. For instance, charge puddles or inhomogeneities
lead to scalar disorder in the chemical potential of the SM and
SC, and despite advances in device fabrication, the interface
between the SC and SM still suffers from imperfections, lead-
ing to disorder in the coupling (or hybridization) strength �

between the SC and SM. We thus model the total SC-SM sys-
tem by H = H c + Hd, where H c(d) = H c(d)

SM + H c(d)
SC + H c(d)

� .
Here, H c describes the clean (c) system, while Hd models the
disorder (d). The clean system is given by

H c
SM =

∑

r,r′β,β ′
d†

rβ

[(
εSM + Bσ x

ββ ′
)
δrr′

− (
tSM − iαSMσ

y
ββ ′

)
δ〈r,r′〉

]
dr′β ′ + H.c.,

H c
SC =

∑

j, j′,β

c†
jβ

[
εSCδ j j′ − tSCδ〈 j, j′〉

]
c j′β

+
∑

j,β,β ′
c†

jβ

[
i�SCσ

y
ββ ′

]
c†

jβ ′ + H.c.,

H c
� = −

∑

r, j,β

c†
jβ

[
�δ jx,rδ jy,

Ly+1
2

]
drβ + H.c, (1)

where dr,β destroys an electron with spin β at site r in the
1D SM of length LSM, cm,β destroys an electron with spin β at
site j = ( jx, jy) in the 2D SC, δ〈··· 〉(δ j j′ ) enforces only nearest-
neighbor (on-site) terms, and σ n is the n-Pauli matrix in spin
space. Also, εSM = (2tSM − μSM) is the SM on-site energy,
εSC = (4tSC − μSC) is the SC on-site energy, μSM(SC) is the
SM (SC) chemical potential, tSM(SC) is the nearest-neighbor
hopping in the SM (SC), αSM is the Rashba spin-orbit cou-
pling in the SM, �SC is the on-site s-wave order parameter
associated with conventional superconductivity, and B is the
external Zeeman field. To model scalar disorder, we consider
random site-dependent fluctuations in the chemical potential

of the SM and SC, as well as random fluctuations in the
coupling strength �, given by

Hd
SM =

∑

rβ

d†
rβ[δμSM(r)]drβ + H.c.,

Hd
SC =

∑

jβ

c†
jβ[δμSC( j)]c jβ + H.c.,

Hd
� = −

∑

r, jβ

c†
jβ

[
δ�( j)δ jx,rδ jy,

Ly+1
2

]
drβ + H.c., (2)

where δQ(n) ∈ [−wQ,wQ] describes the site-dependent ran-
dom fluctuations in the quantity Q = {μSC, μSM, �}, with
wQ being the disorder strength. This approach ensures that
〈δQ〉 = 0. To characterize the relative strength of the disorder,
we generally compare the strength with respect to the quantity
in the clean regime, wQ/Q.

In terms of parameters, we consider realistic values often
used to describe SC-SM systems [45–47,58]. In particular,
for the SC we use |�SC| = 0.1tSC, μSC = 0.38tSC, and Ly =
11a, with a being the discretization parameter. In the SM,
we set LSM = 1000a, μSM = 0.02tSM, αSM = 0.05tSM, and
tSM = 4tSC, which incorporates the mismatch in the lattice
constants and effective masses of the SM and SC. We further
leave a small part of the SM uncovered by the SC in order to
model a superconductor-normal (SCN) junction, often used
in transport experiments [7]. To eliminate the presence of
low-energy states and avoid severe gating effects in N, we
keep N very short with LN = 2a [75]. The physics of SC-
SM systems also heavily depends on the coupling � [45].
In fact, the induced gap exhibits a linear dependence on the
coupling strength at weak �, while it has a nonlinear behavior
at stronger �, which eventually saturates at the values of the
parent superconductor gap �SC. This behavior of the induced
gap enables us to identify two distinct regimes, which we refer
to as the weak-coupling regime, with an induced gap linear in
�, and the strong-coupling regime, with an induced gap non-
linear with �. There is no sharp boundary between the weak-
and strong-coupling regimes, but there is a smooth crossover
that needs to be avoided when targeting either regime. For
the above parameters, we have identified that the border be-
tween weak and strong coupling occurs for �/tSC ∼ 0.4 [45].
Therefore, we choose �/tSC = 0.3 and �/tSC = 0.7 as rep-
resentative values of the weak- and strong-coupling regimes,
respectively. We also note that, since the induced gap reaches
�SC at �/tSC = 1, there is no reason to consider �/tSC > 1
for the strong-coupling regime. Finally, for the considered pa-
rameters, we estimate that the disorder can be considered to be
strong for wμSC/μSC � 0.8, wμSM/μSM � 1, and w�/� � 0.3;
see Appendix A for details. Since we are interested in the role
of disorder for inducing TZESs, we numerically solve the full
SC-SM Hamiltonian H and focus on the low-energy spec-
trum. We employ the Arnoldi iteration method [76] because
it efficiently allows us to address large systems.

A. Clean regime

Without disorder, the region of the SM that is in contact
with the SC undergoes a topological phase transition (TPT)
at a critical field Bc and enters into a topological phase where
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FIG. 2. Low-energy spectrum as a function of the Zeeman field
B for a single realization (20 lowest levels, black) for disorder in
(a) and (b) the SC and (c) and (d) SM and (e) and (f) at the interface
for strong (left) and weak (right) coupling �. The chosen values of
disorder correspond to strong disorder (see text). Insets show zooms
around the TPT (dashed green line). Clean system spectrum (four
lowest levels, red).

MBSs emerge at the end points of the SM [10–12,77]. Under
ideal conditions, the topological properties can be understood
from the two lowest energy levels, E0,1. In the trivial phase
at B = 0, the induced gap is defined by E0, which decreases
as B increases until it reaches zero at the TPT [78]. After the
TPT, the induced gap reopens, but now it is defined by E1,
while E0 sticks to zero energy for long enough SMs, revealing
the MBSs. The induced gap in the topological phase (the
topological gap) isolates the MBSs from the quasi-continuum
and thus provides protection [79].

III. DISORDER-INDUCED TZESs

We next analyze the SC-SM system under disorder in
the SC and SM and at the SC-SM interface, as described
by Eq. (2), and separate the behavior for weak and strong
coupling �. In Fig. 2 we show the low-energy spectrum as
a function of B under a single, but representative [80], realiza-
tion of strong disorder (black) in the SC [Figs. 2(a) and 2(b)]
and SM [Figs. 2(c) and 2(d)] and at the interface [Figs. 2(e)
and 2(f)] for strong (left) and weak (right) coupling. To con-
trast the disordered results, we also show the four lowest
energy levels of the clean system (red), which display a clear
TPT (dashed green line) and no TZESs.

For strongly coupled SC-SM systems (�/tSC = 0.7), the
immediate observation is that finite disorder in the SC or at

the interface induces TZESs well before the TPT [Figs. 2(a)
and 2(e)]. The high impact of disorder in this regime occurs
due to the large renormalization induced by the SC on the
SM parameters. Specifically, the chemical potential of the SM
acquires a highly inhomogeneous spatial profile that can con-
fine zero-energy states [45]. Disorder in the SM seems to be
less detrimental, as it affects only the trivial phase just before
the TPT, but also technically induces TZESs [Fig. 2(c)]. We
find that these TZESs are largely spatially located through-
out the SC and also remain if we remove the SCN junction
[81]. We note here that the presence of TZESs does not vio-
late Anderson’s theorem about disorder robustness in s-wave
superconductors [82] since they occur in a regime where time-
reversal symmetry is broken and effective p-wave spin-triplet
superconducting correlations form [83–91]. Furthermore, we
note that for disorder in the SC or at the interface [Figs. 2(a)
and 2(e)], it is hard to discern the TPT and gap closing in
the strong-coupling regime due to an accumulation of low-
energy states on both sides of the TPT [58,59,62,63]. This
reduces the topological gap and even leads to the appearance
of low-energy levels that coexist with MBSs above the TPT.
Therefore, disorder in the SC and at the interface is highly
detrimental for MBSs in the strong-coupling regime.

For weakly coupled SC-SM systems (�/tSC = 0.3) we find
that the impact of disorder on the low-energy spectrum is
surprisingly largely absent, provided the strengths of disorder
do not considerably surpass the values of their respective
quantities in the clean regime [Figs. 2(b), 2(d) and 2(f)]. In
particular, the low-energy spectrum exhibits a behavior simi-
lar to that in the clean regime with no induced TZESs, thus
revealing an important advantage over the strong-coupling
regime [58,59,62,63]. While this behavior practically occurs
for disorder in all regions, it is fair to notice that the strong
coupling reflects more resilience for disorder in the SM
[Figs. 2(c) and 2(d)]. As no disorder-induced TZESs appear
in the weak-coupling regime, the TPT is also easily identi-
fied by the naked eye, unlike in the strong-coupling regime.
Furthermore, in the topological phase above the TPT, the low-
energy spectrum reveals the emergence of MBSs and a finite
topological gap, both highly robust against disorder for weak
coupling. We note that the stability of the topological gap
against disorder in the SC for weak � is in line with Ref. [54],
which showed that the impurity scattering rate in the SC in-
volves higher-order tunneling processes and is suppressed due
to the destructive quantum interference of quasiparticle and
quasihole trajectories. In a broader perspective, the robustness
against disorder in both the trivial and topological phases
in the weak-coupling regime originates from the vanishing
renormalization of the effective chemical potential in the SM
for weak � [92]. To further explore the impact of disorder,
we verify that the weak-coupling regime remains robust in
a realistic scenario with disorder in all parts of the system
(see Appendix B). These results clearly demonstrate the ad-
vantages and disadvantages of weak and strong couplings in
disordered SC-SM systems.

In order to obtain further understanding of the role of
disorder, we show in Figs. 3(a)–3(c) the number of disor-
der configurations that produce disorder-induced TZESs N ,
obtained by analyzing 30 random disorder realizations, as a
function of disorder strength for all three types of disorder
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(c) (d)

(b)(a)

FIG. 3. Number of disorder configurations N resulting in
disorder-induced TZES (out of 30 random realizations) as a function
of disorder strength at weak (yellow) and strong (purple) coupling
� for disorder in (a) the SC and (b) SM and (c) at the interface.
Vertical black dashed lines indicate the boundary between weak (left
side) and strong (right side) disorder. (d) N as a function of coupling
strength for disorder in the SC at different disorder strengths. Vertical
colored lines denote �/tSC = 0.3, 0.7.

considered. We here count only disorder configurations that
induce clearly isolated TZESs, like those seen in Fig. 2, in
the Zeeman field range B ∈ [0, Bc]. As the disorder strength
increases, N also increases but with a very different behavior
for weak (purple) and strong (yellow) coupling �. Notably, for
disorder both in the SC and at the interface, disorder-induced
TZESs already form for very weak disorder at strong coupling
�, while very strong disorder is required for TZESs to appear
in the weak-coupling regime [Figs. 3(a) and 3(c)]. In fact,
in the latter situation, the disorder is often strong enough to
also destroy superconductivity within a self-consistent cal-
culation [93]. On the other hand, for disorder in the SM,
disorder-induced TZESs form for only very strong disorder in
both the weak- and strong-coupling regimes [Fig. 3(b)]. Thus,
while it is always possible to avoid disorder-induced TZESs
in weakly coupled SC-SM systems, disorder-induced TZESs
can be avoided in strongly coupled SC-SM systems only for
disorder in the SM. To further inspect the robustness of the
weak-coupling regime, in Fig. 3(d) we plot N as a function of
� for different strengths of disorder in the SC. The overall
observation is that there always exists a regime at weak �

where no disorder-induced TZESs appear, with weaker cou-
pling requiring ever stronger disorder to form TZESs. We find
similar results for disorder in the SM and at the interface.
Thus, we find that it is possible to avoid disorder-induced
TZESs in SC-SM systems even beyond the strong-disorder
limit as long the SC-SM coupling is kept weak.

IV. ROBUSTNESS OF TOPOLOGICAL PHASE

Finally, we explore the role of disorder in the topological
phase, focusing on the two lowest levels, E0,1, because they

(a) (b)

(c) (d)

(e)

FIG. 4. Disorder-averaged calculations (30 random configura-
tions) in the topological phase at B/Bc = 1.5 showing E1/E 0

1 (left)
and E0/tSC (right) as a function of disorder strength for disorder in
(a) and (b) the SC and (c) and (d) SM and (e) and (f) at the interface
for weak (purple) and strong (yellow) coupling �. Shaded regions
represent one standard deviation. Vertical black dashed lines indicate
the boundary between weak (left) and strong (right) disorder.

determine the presence of MBSs (topological gap). In Fig. 4
we plot the disorder-averaged E0 (left) and E1 (right) at fixed
B/Bc beyond the TPT as a function of the disorder strength
for disorder in the SC (top), in the SM (middle), and at
the interface (bottom) for both the weak (purple) and strong
(yellow) coupling regimes. The calculations correspond to 30
random disorder configurations with the standard deviation
indicated (shaded regions), but we find that the results remain
unchanged for an increased number of configurations. By
direct inspection we note that E0 and E1 strongly depend on
the strength of disorder, with nontrivial behavior for weak
and strong �. First, focusing on the topological gap E1, we
find that as disorder in the SC or at the interface increases,
E1 undergoes a notably fast reduction in the strong-coupling
regime, acquiring a vanishing value just beyond what we
characterize as the strong-disorder regime [Figs. 4(a) and
4(e)]. In contrast, E1 remains robust for weak coupling and
becomes even larger than the clean reference value E0

1 (dashed
line) for large and even strong disorder; it decreases only for
very strong disorder, at first with increased spread [purple in
Figs. 4(a) and 4(e)]. While the robustness of the topological
phase under weak disorder was reported earlier [93,94], we
emphasize that the robustness of the weak-coupling regime
seen here occurs even under strong disorder strengths for
disorder either in the SC or at the interface. For disorder in
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the SM, however, we find a faster reduction of the topological
gap in the weak-coupling regime than for strong coupling, but
the reduction is significant only for very strong disorder, such
that the gap is largely preserved in both coupling regimes for
weak to strong disorder.

For the lowest energy level E0, representing the MBSs, we
find a similar disorder robustness for disorder both in the SC
and at the interface for weak coupling [purple in Figs. 4(b) and
4(f)]. In particular, while weak SC-SM coupling results in the
E0 level not being at zero energy in the clean system due to
a finite Majorana localization length, disorder actually pushes
this E0 level towards zero by promoting smaller localization
lengths, consistent with the increased topological gap. Thus,
the MBSs become more localized for finite disorder in the SC
and at the interface in the weak-coupling regime. In contrast,
for strong coupling, E0 clearly starts at zero energy in the
clean regime but then with increasing disorder becomes finite
and also heavily dependent on the specific disorder config-
uration, as seen by the large spread. The behavior is again
different for disorder in the SM, where E0 instead increases
more with disorder at weak coupling than at strong coupling,
but, again, the effect is not very noticeable until very strong
disorder is considered. Taken together, the reduction in E0

and small increase in E1 with increasing disorder strength for
disorder both in the SC and at the interface, together with
an overall stability against disorder in the SM, imply that
the topological phase in weakly coupled SC-SM systems is
very robust in the full range of weak to moderately strong
disorder. In contrast, strongly coupled SC-SM systems show
a pronounced fragility towards disorder both in the SC and
at the interface, which stems from the strong renormalization
caused in the SM parameters. In all of the above results
we consider systems in which there are no TZESs in the
clean regime, but we have verified that the results remain
even if the clean system already hosts TZESs, e.g., due to
an interplay of the finite size of the SC and strong coupling
(see Appendix C).

V. CONCLUSIONS

To summarize, the weak-coupling regime in SC-SM sys-
tems is robust against weak to moderately strong disorder and
offers a powerful way to mitigate the formation of disorder-
induced TZESs, in contrast to what has been reported for
strong coupling [58,59,62,63]. Furthermore, disorder in the
SC or at the interface can even help generate more stable
MBSs and a larger topological gap, both beneficial properties
for designing future SC-SM structures with enhanced topo-
logical protection. At the same time, strongly coupled systems
are more stable against very strong disorder in the SM. After
having identified how to mitigate the detrimental impact of
disorder in SC-SM systems, the next step towards modeling
realistic Majorana devices may include electrostatic effects
[95–99] and multichannel SMs [100–104]. Our work thus
illustrates the advantages and disadvantages of weakly and
strongly coupled SC-SM systems under scalar disorder of po-
tential use for simulating and understanding actual Majorana
experiments.
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APPENDIX A: ESTIMATION OF DISORDER STRENGTH

In the main text we stated that disorder is strong when
wμSC/μSC � 0.8, wμSM/μSM � 1, and w�/� � 0.3 for disor-
der in the SC and SM and at the interface, respectively. In this
Appendix, we provide the details of this estimation.

We characterize the regimes of disorder in the SC and
SM using the ratio ξ/l , where l the mean free path and
ξ is the superconducting coherence length [105]. When the
ratio ξ/l is used, it is standard to classify the regime with
ξ/l � 1 as a weak disordered regime, while ξ/l � 1 denotes
strong disorder. Here, the mean free path is given by l =
vF/πN (0)w2

SC,SM, where vF and N (0) are the Fermi velocity

(d)

(b)

(c)

(a)

FIG. 5. Low-energy spectrum as a function of Zeeman field B/tsc

for a single realization of disorder present in all the components: SC,
SM, and the interface. Top and bottom rows correspond to different
disorder realizations. The left (right) column corresponds to strong
(weak) coupling. Dashed green lines mark the topological phase tran-
sition point in the clean limit. All parameters are the same as Fig. 2
in the main text with disorder strengths wsc/μsc = 1, wSM/μSM = 2,
and w�/� = 0.5.
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(a) (b)

TZES

(f)

(d)

TZES

(e)

TZES

(c)

FIG. 6. Low-energy spectrum as a function of the Zeeman field
B for a single disorder configuration (20 lowest levels, black), for
disorder in (a) and (b) the SC and (c) and (d) SM and (e) and (f) at the
interface for strong (left) and weak (right) coupling �. Clean system
spectrum (only the four lowest levels, red) and disorder-averaged
E1 (30 configurations; cyan). Dashed green lines denote the TPT.
Compare with Fig. 2 in the main text.

and normal state density of states, respectively, and are given
by separate values in the SC and SM [52,58]. Also the super-
conducting coherence length is given by ξ = vF/�, where �

is the superconducting order parameter, or, equivalently, gap,
in the SC, while it is the proximity-induced (superconducting)
gap �ind in the SM.

To estimate the disorder strength required to be in the
strong-disorder regime, we treat the SC and SM sepa-
rately. We consider the parameters listed in the Sec. II.
For the SC, we use the density of states for a 2D SC,
which is N (0) = m∗/(π h̄2) = 1/(2πt ). We then obtain ξ/l =
w2

μSC
/(2�t ), which for our parameters gives ξ/l � 1 when

wμSC � 0.4tSC. This results in the SC being in the strong-
disorder regime for wμSC/μSC � 0.8, as stated in the main
text. Similarly, for the 1D SM, we have N (0) = 2/(π h̄vF).
Thus, ξ/l = 2w2

μSM
/(�indvF) for the SM. For our parame-

ter choices we find �ind ≈ 0.04tSC (�ind ≈ 0.07tSC) for � =
0.3tSC (� = 0.7tSC). We then find that the disorder strength
for the strong-disorder regime must satisfy wμSM � 0.02tSM

(wμSM � 0.03tSM) for � = 0.3tSC (� = 0.7tSC). This implies
that wμSM/μSM � 1 characterizes the strong-disorder regime,
as stated in the main text.

In the case of disorder at the interface, modeled as disorder
in the coupling �, we follow a previous study [101] and
consider fluctuations larger than 30% of the coupling strength

(d)

(b)
(a)

(e)

(c)

FIG. 7. Disorder-averaged calculations (30 random configura-
tions) in the topological phase at B/Bc = 1.5 showing E0/tSC (left)
and E1/E 0

1 (right) as a function of disorder strength for disorder in
(a) and (b) the SC and (c) and (d) SM and (e) and (f) at the interface
for weak (purple) and strong (yellow) coupling �. Shaded regions
represent one standard deviation. Compare with Fig. 4 in the main
text. Vertical black dashed lines indicate the boundary between weak
(left) and strong (right) disorder.

to be in the strong-disorder regime. Thus, strong disorder here
occurs for w�/� � 0.3, as stated in the main text.

APPENDIX B: DISORDER IN ALL COMPONENTS

In the main text we consider disorder in only one com-
ponent of the SC-SM system at a time in order to identify
which part is more or less detrimental and how it can be
mitigated in the weak-coupling regime. In real samples, how-
ever, disorder is likely present in all parts of the system at
the same time. In this Appendix we consider this situation
and perform calculations for scalar disorder in all components
simultaneously, i.e., in the SC and SM and at the interface.
We plot the low-energy spectrum as a function of the Zeeman
field in Fig. 5 for a single disorder realization at strong (left
column) and weak coupling (right column). We observe that,
for strong couplings, there is an avalanche of disorder-induced
zero-energy states in both the trivial and topological regimes,
which ruins the topological gap, any possible identification
of the topological phase transition, and even clear detection
of MBSs. In contrast, all these issues of the strong-coupling
regime are mitigated at weak coupling: the formation of trivial
zero-energy states is clearly suppressed, allowing us to iden-
tify a clear topological phase transition, while the absence
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of in-gap states in the topological phase generates a robust
topological gap and MBSs only at zero energy. Thus, even
when disorder is present in all components of the SC-SM
system, the weak-coupling regime proves to be beneficial for
mitigating the formation of TZESs and detection of MBSs,
thus supporting our findings in the main text.

APPENDIX C: INFLUENCE OF DISORDER ON A TZES
APPEARING IN THE CLEAN LIMIT

In the main text we consider only systems that do not host
any TZES in the clean limit, so that the TZES in the main text
are all induced by disorder. For different parameter choices it
is, however, possible to also have TZESs appearing in the N
region of the SM in the clean regime, which we here simply
refer to as clean-limit TZESs. These clean-limit TZESs occur
due to the renormalization of the effective chemical potential
in the SM, which, due to the uncovered N region in our case,
acquires an inhomogeneous profile (see Refs. [45–47]). In this
Appendix we provide additional data showing that our conclu-
sions in the main text is not dependent on whether the clean
limit hosts TZESs already or not. To achieve TZESs in the
clean limit we change the parameters slightly from the main
text by setting μSC = 0.5tSC but keep all other parameters the
same. This produces clean-limit TZESs in the N region in the
strong-coupling regime.

In Fig. 6 we plot the low-energy spectrum as a function
of the Zeeman field B for both the strong (left) and weak
(right) coupling regimes for strong disorder in the SC (top), in

the SM (middle), and at the interface (bottom). We compare
these single-disorder results (black) with results for the clean
system (red) and also the disorder-averaged E1 (cyan). Thus,
Fig. 6 is the same as Fig. 2 in the main text, except that in
Fig. 6 we also have a TZES in the clean limit for strong
coupling. Comparing Figs. 2 and 6 it is clear that the influence
of disorder is very similar; namely, for disorder in the SC or
at the interface, we find that at weak coupling there are no
disorder-induced TZESs, while for strong coupling we clearly
find additional disorder-induced TZESs close to the topologi-
cal phase transition. For disorder in the SM, weak or strong
coupling matters less, and the TZES in the clean limit for
strong coupling is the only TZES in the system. These results
are further solidified by studying the disorder-averaged E1,
which, for disorder both in the SC and at the interface, comes
close to zero in the strong-coupling regime but is almost the
same as in the clean system in the weak-coupling regime.

In Fig. 7 we plot disorder-averaged E1 (left) and E0 (right)
in the topological phase for disorder in the SC (top), in the SM
(middle), and at the interface (bottom) for both strong (yellow)
and weak (purple) SC-SM coupling. Figure 7 is the equivalent
of Fig. 4 in the main text, but now for a system with a TZES in
the clean limit for strong coupling. By direct comparison we
see that there are no qualitative changes in the results between
Figs. 7 and 4. To summarize, the above results support the
conclusions in the main text, in that the weak-coupling regime
is more robust to disorder than the strong-coupling regime,
irrespective of whether TZESs are present in clean limit with
strong coupling or not.
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