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Under certain conditions, a fermion in a superconductor can
separate in space into two parts known as Majorana zero modes,
which are immune to decoherence from local noise sources and
are attractive building blocks for quantum computers. Promising
experimental progress has been made to demonstrate Majorana
zero modes in materials with strong spin-orbit coupling proximity
coupled to superconductors. Here we report signatures of Majorana
zero modes in a material platform utilizing the surface states of
gold. Using scanning tunneling microscope to probe EusS islands
grown on top of gold nanowires, we observe two well-separated
zero-bias tunneling conductance peaks aligned along the direction
of the applied magnetic field, as expected for a pair of Majorana
zero modes. This platform has the advantage of having a robust
energy scale and the possibility of realizing complex designs using
lithographic methods.
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ajorana zero modes (MZMs) are fermionic states, each of

which is an antiparticle of itself. MZMs are required to
always appear in pairs (1). Each MZM pair has the degrees of
freedom of a single fermion, which is split nonlocally in space
into two MZMs. The nonlocality implies that MZMs are immune
to local perturbations, and hence they have been proposed as the
key ingredients of topological qubits that are protected from
decoherence due to local noise sources (1, 2). MZMs are predicted
to exist in certain topological superconductors (TSCs). Up to now,
various proposals have been made to engineer TSCs by combining
conventional materials (3-9), and great progress has been made
toward revealing the signatures of MZMs (10-29). Here we report
the observations of signatures of MZMs in the form of zero-bias
peaks (ZBP) in a platform which is based on the surface state of
gold (Au). Our metal-based platform holds a number of advan-
tages. First, there is a wealth of experience in epitaxial growth of
noble metals on a variety of superconductors (30-32), as well as
epitaxial growth of ferromagnetic insulators on top (33). Second,
lithographic methods to produce large arrays of increasingly
complex designs are well-developed. Finally, the energy scales in a
metal are generally high compared with those of semiconductors.
While the eventual goal of producing a topological qubit-based
quantum computer is still daunting, our work opens a vision of
a path forward.

Our platform is based on the Shockley surface state (SS) of
Au(111) with induced superconductivity (33), as proposed theoret-
ically several years ago (34). An important motivation of using the
SS of Au(111) is its large Rashba spin—orbit coupling energy scale
leading to a splitting of 110 meV (35, 36), which is several orders of
magnitude larger than those in semiconductor nanowires. A sche-
matic drawing of the needed heterostructure is shown in Fig. 14. An
Au film is grown on top of a superconductor (vanadium [V] in our
case) and the bulk Au becomes superconducting due to the prox-
imity effect. The bulk Au in turn induces a pairing gap on the SS.
We have shown earlier that the SS has an energy gap of 0.38 meV,
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distinct from the bulk Au gap, which is 0.61 meV (33). On top of Au
we grow an epitaxial film of EuS, a ferromagnetic insulator to
magnetize the Au SS via exchange coupling. We have created arrays
of Au(111) wires (Fig. 1B and Fig. 24) utilizing our epitaxially
grown thin film layers and nanolithography (32, 33). The wires are
4 nm thick, ~100 nm wide or less, and microns in length as seen in
Fig. 1 B and C. We emphasize that our Au(111) wires are highly
crystalline with sharp edges (Fig. 1C). The scanning tunneling
spectroscopy (STS) spectrum shows clearly that a hard super-
conducting gap is induced in the Au wire from the V underneath
(see Figs. 1D, 34, and 4D). The Au wire is homogeneously in
contact with the V layer sharing a high-quality interface that is
made under ultrahigh vacuum environment (Fig. 14 and see
Methods). However, the proposal based on the SS of Au(111) has
a serious limitation. The bottom of the SS band lies about 500
meV below the Fermi level (35-37). For a 100-nm-wide Au wire,
this means that there are ~100 transverse subbands crossing the
Fermi level. Our theory simulations show that the topological state
is extremely delicate under such a condition, and it is unlikely that
the MZMs have detectable signals (SI Appendix, section 3). An-
other limitation is the need for a large parallel magnetic field to
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Fig. 1. (A) Schematic of the experimental setup: Au(111) thin film nanowire proximity-coupled to a conventional superconductor V, while the EuS is grown
epitaxially on top of the Au nanowires. Dotted line represents the location of the SS. An external field is applied parallel to the wire in order to drive the
system into a topological superconducting state. An STM with a normal tip is used to probe the part of the MZM that leaks out from underneath the EuS
island. Also shown is the schematic SS Rashba split band structure which is isolated from the projected bulk bands. The position of the bottom of the surface
band (Ess) can be tuned by varying the thickness of the EuS coverage. (B) Large-scale (650 x 650 nm?) STM with constant current (Vsampte = 1.2V, lse; = 55 pA,
T = 2 K) topographical scans of the nanowire network that is prepared using nanofabrication techniques. (C) A zoomed-in (7 nm x 7 nm) (shown by the square
box in B) topography of Au nanowire which showed sharp interface with the underlining V film (Vs,mpre = 0.36 V, lser = 230 pA, T = 2 K). (Inset) The atomically
resolved STM topography image (Vsampre = =150 mV, fe; = 0.6 nA, T = 2 K) of the Au nanowire top surface, which shows the hexagonal atomic lattice of
Au(111) surface. (D) Temperature-dependent dl/dV spectra measured on atomically resolved Au nanowire surface. The spectra are spatially averaged over a
1.5- x 1.5-nm area located at the bottom right corner of C, Inset. The spectra are vertically shifted and normalized by the data measured above T, (~5 K). arb.,

arbitrary.

overcome the induced superconducting gap (see Figs. 1D, 34, and
4D), which is much larger compared to platforms based on
semiconductors with large g-factors.

We overcome the above limitations by depositing a thin layer of
EusS on top of the Au wire, which has been shown to be effective in
dramatically lowering the Fermi level of SS (33). In addition, EuS
is a ferromagnetic insulator, known to induce sizeable magnetic
exchange field in adjoining layers, thereby reducing the need for a
large applied magnetic field (38-41). Fig. 2D shows that two
monolayers (MLs) of EuS deposited on the Au wire (Fig. 2 4A-C)
is enough to shift the bottom of the SS band all the way to only
~30 meV below the Fermi level. We ascertain this by performing a
series of STS scans along the surface of an Au nanowire and
comparing them with similar scans on top of a two MLs EuS island.
The STS peak marked by an arrow is the signature of the band
bottom of SS, characterized by a square root singularity of the
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density of states. The STS peak of the pristine Au nanowire surface
is at about 420 meV below the Fermi energy, consistent with the
values reported by angle-resolved photoemission spectroscopy (35,
36) and STS (37). We define the chemical potential p as the energy
difference between the Fermi level and the crossing point of the
Rashba bands, which lies 15 meV above the band bottom. We
conclude that two MLs of EuS places the chemical potential p to
be about 15 meV. This means that for a 100-nm-wide wire only
about five transverse subbands cross the Fermi level and the
condition for creating MZM is much more favorable (SI Appendix,
sections 4 and 5).

If a middle segment of the Au wire is completely covered by
EusS, two MZMs are expected to emerge underneath the ends of
the EusS in the presence of a magnetic field applied parallel to the
wire. Unfortunately, STS probe of the Au SS through two MLs of
EuS can only be done with low energy resolution. While a
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(A) Large-scale STM topography image of the Au(111) nanowire array (similar to that in Fig. 1B) with two MLs of EuS deposited over it (Vsampre = 1.0V,

Iset = 80pA, T = 0.38 K). The size of the marked square is the same as the size of B. (8) The zoomed-in STM topography image (80 x 80 nm?, Viampre = 0.8 V, lser =
210 pA, T = 0.38 K) of the area denoted by a square mark in A. The EuS islands are clearly visible. (C) The further zoomed-in STM topography image (35 x
35 nm?, Vsample = 0.5V, Iser = 0.5 pA, T = 0.38 K) of a specific EuS island shown in B. (D) The STS (dI/dV vs. Vy,,s) spectra over large bias voltages on both bare
Au(111) surface (black) and EusS island (blue). A clear shift of Ess (bottom of the surface band) toward E is seen, which shows that the Fermi level of the Au SS

underneath two MLs of EuS is ~30 meV relative to Ess. Here we emphasize

the homogeneity of the sample, as demonstrated by the weak position de-

pendence of the spectra as shown by the multiple di/dV scans along a line. The curves are shifted vertically for clarity. a.u., arbitrary units.

continuous EuS layer can be grown to completely cover the sur-
face of an Au wire when a thick layer of EusS is deposited, we find
that EuS islands that are uniformly two MLs thick are formed
when the EuS coverage is low (Fig. 2C). Although planar tunnel
junctions can be used to tunnel through a thick EusS layer (33), as a
proof of concept we focus on EuS islands and use STS for the
tunneling measurements (Fig. 2C). In order to obtain high-
resolution STS, we tunnel into the exposed Au(111) surface re-
gions in the vicinity of an EuS island ~2 nm away from the island
edge. Fig. 14 shows a schematic of such measurements. If MZMs
emerge underneath the EuS island, the scanning tunneling mi-
croscope (STM) tip can still couple to the MZMs due to their
spatial decay (Fig. 14). The decay length is found to be about 8 nm
(SI Appendix, section 8), so 2 nm is well within the decay length.

We found ZBPs emerging inside the pairing gap when an ap-
plied magnetic field exceeds a certain value. Fig. 3 shows the
tunneling spectra taken at a number of positions around an island
about 30 nm wide and 25 nm long sitting on an Au nanowire (Fig.
2C). At zero field, the dI/dV spectra demonstrate a hard super-
conducting gap, which does not change regardless of the location
where the STS is taken (Fig. 34 and 4D). The results demonstrate
a uniformly induced superconductivity in Au(111), and the shape
of the EusS island has no effect on the induced gap. With a 4.8-T
magnetic field applied along the wire (called the north-south di-
rection), a ZBP appears in positions 1, 2, and 3 near the north side
of the island and near position 6 on the opposite side (Fig. 3B). On
the other hand, anywhere in between these positions the tunneling
spectra remain largely unchanged except for a small filling in the
gap due to the applied magnetic field (Fig. 34). To visualize the
evolution of the gap and the ZBP, that is, to demonstrate the to-
pological transition, we take the STS data with a fine scan of the
magnetic field near position 6 (Fig. 2C). In a two-dimensional
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density plot, a transition characterized by the closing of the
superconducting gap and the emergence of ZBP beyond a critical
field value is observed (Fig. 3C). The line scans (Fig. 3D) show that
the superconducting gap evolves from a “U” to a “V” shape before
the gap is filled in and the ZBP emerges after that. As we shall see,
these features closely resemble the topological transition in a
multimode system modeled by our theory (Fig. 6C).

We note that the width of the ZBP is about 0.2 meV, about a
factor 2 larger than nkgT that is expected for the temperature of
0.38 K. The width is limited by the instrumental resolution due to
the bias modulation voltage needed to achieve a signal with a
sufficiently low noise (Methods). Therefore, it is possible that the
ZBPs are due to a pair of MZMs which are hybridized to give a
pair of split peaks that are not resolved. In fact, such splitting is
to be expected for an island that is so small.

We next show results on a more rectangularly shaped island
(60 nm x 45 nm) with an edge which overlaps the edge of the
Au(111) wire as shown in Fig. 4B. The EusS island has excellent
crystalline quality as can be seen from the atomically resolved
STM image (Fig. 4C). We apply a magnetic field parallel to the
wire and take STS measurements in the exposed Au(111) regions
around the island. Again, we find uniform and fully gapped
spectra at zero field (Fig. 4D). In a 4.8-T field, two ZBPs are
observed on the opposite sides of the EuS island at the positions
where the island intersects the edge of the Au wire (Fig. 4 B and
E). At all other positions (labeled 2 through 7), the super-
conducting gap spectra remain unchanged except for a slight
filling of the gap. Apparently the wavefunction corresponding to
the ZBPs is strongly localized along the intersected edge of the
EusS island and the Au nanowire, rather than spread out along
the upper and lower edges of the EuS island. This observation is
also found in our simulations discussed below, as shown in Fig.
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Fig. 3. (A) The tunneling dI/dV spectra at different positions (positions 1 through 8) surrounding the EusS island acquired at T = 0.38 K as shown in Fig. 2C.
(Upper) When the applied magnetic field is zero (H = 0T), the dI/dV spectra at all positions are fully gapped. (Lower) In a magnetic field (H = 4.8T) the di/dV
spectra at position 4, 5, 7, and 8 are partly filled in, but the coherence peak at the pairing gap remains intact. The direction of the magnetic field is shown in
Fig. 2C. (B) Sharp ZBPs emerge at positions 1, 2, 3, and 6, consistent with the expected appearance of a pair of MZMs on opposite ends of an EusS island as
defined by the magnetic field. (C) The two-dimensional density plot of the dI/dV data showing the topological transition of the MZM. The data are taken at a
location near position 6 of the island shown in Fig. 2C. When the applied field increases, the superconducting gap is filled in, then it crosses over to a ZBP
at sufficiently large magnetic field. (D) The detailed line scans of C are shown for various applied magnetic fields changing in small steps from 0 T to 4.8 T. The
dl/dV spectra are vertically shifted for clarity. Before shifting, each spectrum is normalized to 1 at the largest Vy;,s. Starting from the bottom spectrum (field is
0 T), each vertically shifted spectrum is for a magnetic field increased in steps of 0.25 T, except for the last spectrum (the topmost one), which has an applied
field of 4.8 T. In this detailed line scan plot, one can clearly see that the spectrum evolves from U- to V-shaped before completely closing, and a ZBP emerges
above the filled-in gap. These data resemble our theoretical results shown in Fig. 6C with T = 700 mK.

5A. The localization of the MZM is sensitive to the local envi-
ronment such as steps in the chemical potentials at the edge of
the Au wire, thus accounting for the strong localization in
this case.

We next study the evolution of ZBPs at positions 1 and 8 as a
function of the applied magnetic field (H). At both positions the
gap fills in when H is around 3.5 T (Fig. 4 F and G), which agrees
well with the onset of ZBPs in the other island (Fig. 3C). The ZBP
appears at comparable threshold magnetic fields for position 1 (at
~3.5 T) and for position 8 (at ~4 T) (Fig. 4 F and G). The slightly
different threshold magnetic fields can be a result of the broad
transition region as seen in Fig. 3C. For Fig. 3C, the transition
takes place at around 3.5 T but has a blurred region with a span of
the magnetic field of more than 0.5 T. We note that a sharp
threshold field and the emergence of MZMs simultaneously at the
same threshold field are not expected under our experimental
conditions. There are two reasons. The first is that, unlike the
quantum wire case, we are in a multimode situation. As explained
below and supported by simulations shown in Fig. 6, the gap
closing and the emergence of the MZM take place rather gradually
due to a multitude of low-lying states near the threshold. The
second reason has to do with quasi-particle poisoning due to ex-
citations above the topological gap (Fig. 5B), which is defined as
the energy of the lowest extended quasi-particles state. This gap
closes at the topological transition and reopens at higher fields, so
that just above the transition we expect a large poisoning rate I,
The weight of the ZBP is reduced by the factor I'/(I" + I',), where I'
is the tunneling rate (42). Since I" is very small for STM tunneling,
a large reduction of the ZBP weight is expected near the topo-
logical transition at around 3.5 T. The weight gradually increases as
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the topological gap reopens and I, is reduced. Since I' and I,
depend on the local details near the location of the MZM, the
visibility and the onset magnetic field of each MZM partner is
expected to have some variation, consistent with Fig. 4 F and G.
To support our interpretation, we have carried out numerical
simulations on realistic models of the Au(111) wire partially
covered by EuS. We perform the calculation on a square lattice
with hopping and Rashba energies chosen to match the band
structure of the Au SSs. We allow the chemical potential to be
reduced and the effective Zeeman energy V, to be enhanced
under the EusS island. The coupling between the SS and the bulk
Au states has been taken into account with a self-energy cor-
rection (SI Appendix, section 1). Indeed, we found that when the
chemical potential under EuS is less than 30 meV, the MZMs
exist over a large fraction of the chemical potential range with a
relatively large gap to other subgap excitations, so that the
chance of finding robust MZMs is quite high (SI Appendix, Fig.
S2 B and C). The spectrum and the distribution of the wave-
function are shown in Fig. 5 for an island that is 60 nm X 60 nm
which overlaps the edge of the Au wire. In Fig. 54 we see that
the MZM wavefunctions are strongly localized at the corners of
the intersected edge, in excellent agreement with what is seen
experimentally in Fig. 4. In contrast, for a rectangularly shaped
island that is in the middle of a Au wire and removed from the
edge, the MZM wavefunctions are spread out along the north
and south edges (SI Appendix, Fig. S3). It is apparent that the
MZM wavefunction can be trapped by spatial inhomogeneity
such as the proximity to a step in the chemical potential near the
edge of the Au wire. A second point we find from the calculation
is that the decay length of the MZM perpendicular to the edge

Manna et al.
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(A) The STM topography image of another Au(111) nanowire array (similar to that in Fig. 2A) with two MLs of EuS deposited over it (Vsampre = 1.6 V,

Iset = 46 pA, T = 0.38 K). The applied magnetic field is aligned with the nanowire to the best accuracy of our STM setup. (B) The zoomed-in STM topography
image (75 x 75 nm?, Vsampte = 1V, liet = 0.5 pA) of a relatively large EuS island sitting at the edge of the Au nanowire in A. The island is ~40 nm long along the
wire and 60 nm wide. (C) The atomically resolved (4 x 4 nm?, Vsampte = 120 mV, e = 600pA) EuS surface in the marked region as noted in B. (D) The
comparison of the dI/dV tunneling spectra under both H =0T and H = 4.8 T. Dashed lines mark the zero conductance of each shifted spectrum. The spectra at
all positions are gapped when H = 0 T. A slight filling in of the gap is seen at positions 2 through 7 in the 4.8-T field. (E) Sharp ZBP emerges for H =4.8 T at
positions 1 and 8. Curve 8 is shifted vertically by two tick marks. The zero conductance for each curve is noted with the same color as the curve. (F and G) The
evolution of the dI/dV spectra at position 1 and 8 as a function of the strength of the applied field. At 3.5 T the gap is largely filled in at positions 1 and 8
simultaneously. The ZBP is visible at 3.5 T at position 1 and at 4 T at position 8. At 4-T field and above, the ZBPs at positions 1 and 8 show comparable peak

heights. All of the dI/dV spectra in D-G are normalized to the normal-state conductance.

toward the middle of the wire is very short. This explains the
surprising fact that ZBPs were observed for islands as small as
30 nm in diameter. The coherence length is short for two rea-
sons. First, the Fermi velocity is very small because we are
considering the last filled subband, which has a very small Fermi
energy. Second, this situation is similar to what was observed in
the Fe atomic chain (16), where the wavefunction leaks into the
substrate, giving rise to a reduction of the spectral weight and the
velocity, thereby reducing the effective coherence length (43). In
fact, this leakage is needed to produce a surface superconducting
gap close to the bulk superconducting gap Ap (34).

A key ingredient in the simulation is the assumption of an ex-
change field under the EuS in addition to the applied magnetic
field. Without this, a magnetic field large enough to drive the
system to a topological regime also closes the superconducting gap
outside and the MZMs will be destroyed. In EuS the magnetic
moment normally lies in-plane, but on certain surfaces it is known
to develop a canted magnetization with a large out-of-plane
component due to spin—orbit coupling (44, 45). In this case the
increasing applied parallel magnetic field enhances the Zeeman
field along the nanowire due to the canting of the magnetic mo-
ment. However, the precise orientation of the magnetic moment
in our case is not known.

Manna et al.

We note that much of the literature deals with the case with a
single transverse mode which is relevant to the semiconductor
nanowires. Here we highlight the difference with the multimode
situation that is relevant to our system. To make the physics
clearer, we focus on a longer island that is 60 nm x 300 nm where
the energy splitting of the MZM is small and well-separated from
the higher-energy states. Fig. 64 shows the lowest 25 eigenvalues
as a function of the effective Zeeman energy V. We see that the
gap defined by the lowest excited state closes at V;, = 1.1 Ap and
reopens, leaving behind a pair of split MZMs. The topological
gap that reopens is about 0.2 Ap.Note that a large number of
states come down in energy as the gap closes and a large number
lie above the topological gap that reopens. Consequently, the
contribution of an individual state to the tunneling conductance
is very small. In the single-mode case the number of states that
come down as the gap closes is much fewer, depending on the
sample length, and can even be a single state for short wires (S/
Appendix, Fig. S2 F and G). As a result, the gap closing as the
topological state is approached can be seen both in experiment
and simulation in short nanowires (23). In contrast, in our case
the lowest state that leads to gap closing as the threshold is
approached contributes only a small amount to the tunneling
conductance (Fig. 64). Upon thermal smearing, we expect a
subtle filling in of the gap which becomes V-shaped, as clearly
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Fig. 5. Simulation for a 60 nm x 60 nm island of EuS (yellow box in A) deposited on a 120-nm-wide Au wire. The island overlaps the lower edge. Under the
island the chemical potential p = 25 meV and the effective Zeeman energy is Vi = 2A;. In A the absolute value of the MZM wavefunction is found to be
strongly localized on the edge, in agreement with the data shown in Fig. 4. The tunneling spectra at T = 0 (B) and 350 mK (C) and 700 mK (D) are taken at a
point near the edge just outside the EuS, showing a ZBP due to an MZM. The 700-mK curve is chosen to mimic the additional instrumental broadening and can
be compared with the experimental curves shown in Fig. 4E. The split peak near zero bias in B is due to the overlap of the MZM localized at opposite ends of
the islands. In addition, there are in-gap states which typically start at energy of 0.1 Ag. Thermal smearing picks out these states as sidebands and background,

as shown in C and D.

seen in Fig. 6C, Right where we show the calculated tunneling
spectrum at 700 mK to simulate the additional instrumental
broadening. The V-shaped spectra in the transition region also
agree well with our experiment (Fig. 3D). With further increase
of V; beyond the threshold, the gap fills in more and eventually
the MZM emerges as the topological gap opens. We emphasize
that this behavior is intrinsic and not the result of disorder. We
have also examined the tunneling conductance of the Au SS at a
point halfway between where the ZBP appears, and just outside
of the EuS island. Only the extended states contribute to these
spectra. At 350 mK, we can see a slight and gradual filling in of
the gap as the Zeeman field reaches and exceeds the threshold
field of V, = 1.1 A (Fig. 5D), in qualitative agreement with what
is shown in Fig. 4D.

Next, we address the question of whether the ZBP we observed
may be due to conventional Andreev bound states that happens to
stick to zero energy. Two sources of such Andreev bound states
have been discussed depending on whether disorder is present. In
the absence of disorder, it has been pointed out that if the end of
the wire is subject to a smooth potential, even in the non-
topological region a pair of MZMs are often found near the end
that are weakly hybridized with each other (46—49). One of these
could couple strongly to the outside lead and the tunneling con-
ductance resembles that of a true MZM. The reason for the lack
of hybridization is that the two states may have different spins or
momenta and are therefore almost orthogonal (48, 49). Such
smooth potentials are generic in the semiconductor wire setup
because the tunnel barrier is created by gating. In our case, the
wire and the island terminate abruptly on an atomic scale and the
tunnel barrier is via an STM tip. Therefore, we do not expect this
mechanism to be applicable in our system, and indeed we do not
see any sign of such false signals in our simulations.
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A second source of false signal is that disorder potential may
accidentally produce a localized Andreev bound state that hap-
pens to have energy near zero. However, such a mechanism
usually requires fine-tuning of the parameters. Furthermore, it is
equally likely to find such a localized state anywhere along the
boundary of the island. This is in contrast to our findings because
our ZBPs are aligned with the applied magnetic field and we see
no sign of in-gap peaks in zero or finite field anywhere else.
Finally, there is no reason why these Andreev bound states will
appear at two areas on opposite sides of the same island at a
similar magnetic field. In this connection we mention that the
appearance of ZBPs in the EuS islands is not a rare occurrence.
We have studied about 60 islands under varying experimental
conditions which are sometimes not ideal in terms of STM sta-
bility. On 20 of these islands we found ZBPs which are always
located either near the north or south shore with respect to the
magnetic field. We also note that the spectra we see are either
fully gapped or exhibit ZBPs and we never find split peaks that
may be associated with Andreev bound states. Out of the 20 we
saw a pair of ZBPs at opposite ends on four islands, even though
in many cases we simply did not explore all the way around the
island. In any event, since we do not control the chemical po-
tential, we expect to find MZM less than 50% of the time based
on our simulations, consistent with our finding.

Our simulation also found that an EusS island in the middle of a
wider Au wire and away from the edges can also support MZMs,
even though the wavefunction is more spread out along the edge of
the island (SI Appendix, Fig. S3) and thus will be harder to detect
with STM. We believe this explains the observation of ZBP local-
ized on the edges of the island shown in Figs. 2 and 3. Importantly,
this observation opens the door to the possibility of depositing EuS
wires on a large area of Au which will allow even greater freedom in
designing more complicated structures toward MZMs based
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Fig. 6. Simulations for a 60-nm x 300-nm island of EuS that overlaps the edge of a 120-nm-wide Au wire. (A) The lowest 25 eigenvalues plotted vs. the
effective Zeeman energy V. The gap closes near Vi = 1.1Ag and reopens to a topological gap of about 0.2Ag. In B and C the tunneling spectra taken near
the edge just outside the EuS are shown at T = 0, 350 mK and 700 mK. By looking at the T = 0 spectra in B we can follow the gap closing as Vy approaches the
threshold. The lowest excited state carries a very small weight and is hardly visible. Above the threshold the MZM appears as a double peak split by
the overlap in a finite size island. At the same time, the topological gap develops, increasing to 0.2Az consistent with A. However, a large number of states
appear above the topological gap. Further examination shows that some of these states are extended, while others are localized near the ends of the wires,
with a wavefunction very similar to that of the MZM. We interpret these states as “Majorana descendants,” a feature of the multiband system as detailed in S/
Appendix. Upon thermal averaging, we see in C that at 350 mK the gap closing is indicated by a rather subtle filling in of the gap and the MZM is gradually
becoming visible above the threshold effective Zeeman field. The combination of extended states and Majorana descendants give rise to the sidebands of the
MZM peak. (C, Right) The 700-mK curves simulate the effect of additional instrumental broadening and can be compared with the measurements shown in
Fig. 4 F and G. (D) The tunneling spectra taken at a point at the middle of the wire just outside the EuS boundary. Only the extended states contribute. Note

that the gap closing and reopening is hardly observable and is consistent with what is seen in Fig. 4D, Lower.

topological qubits. Obviously, this is something we plan to explore
in the future.

The Au SS platform has a high intrinsic Rashba scale and
there is room for further improvement. In the future, by going to
planar tunneling an order-of-magnitude reduction in temperature
and better energy resolution should be possible. A larger magnetic
field can be applied which allows us to utilize superconductors
with large gaps, resulting in larger topological gaps. Any coherent
manipulation of MZMs requires the topological gap to be much
larger than temperature. The Au SS platform holds a lot of
promise toward this goal.

The Au/EuS system is amenable to flexible nanofabrication
methods. For example, a single topological qubit can be con-
structed out of two or more wires that are cross-linked, forming
“tetrons” or “hexons” that have been proposed to be building
blocks of quantum computing circuits (50, 51). An array of such
objects can be constructed without too much difficulty (ST Ap-
pendix, section 7). In particular, instead of braiding by physically

Manna et al.

moving MZMs, a measurement-based topological qubit design
using a purely superconducting circuit is well-suited with our Au/
EusS system (52).

In conclusion, we have found signatures of MZM pairs on a
superconducting Au surface as theory predicted. The Au/EuS
platform has the advantage of having a robust energy scale and
the potential for fabricating a large-scale network. This platform
offers a plausible path, though still an extremely challenging one,
toward topological quantum computing.

Methods

The heterostructures of thin film V(20 nm)/Au(4 nm) are grown in a custom-
built molecular beam epitaxy system with a base vacuum ~3.7 x 107'° torr. The
growth and characterizations follow procedures similar to those we reported
before (32, 33). Au nanowires, or nanoribbons, with a thickness of 4 nm and a
wire width around 100 nm (or less) are fabricated after the growth of AuN/
heterostructures. The nanowires are sculptured out of the wafer-scale Au thin
film by following a standard e-beam lithography and an Ar ion milling process.
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During the nanofabrications, the surface of the superconductor V is protected in
situ using a custom-built high vacuum system (base vacuum 10~ torr) that
combines both the ion milling and thin film evaporation sources, thereby
guaranteeing the high quality of the superconductor V. Any shape of nanowire,
or a network of nanowires, can be designed by standard e-beam lithography soft-
ware and fabricated following such an approach (S/ Appendix, section 7). The sur-
faces of Au nanowires fabricated in this way are ultraclean, as seen by the atomic
resolution images of the STM (Fig. 1). A postgrowth of EuS magnetic insulator is
carried out in a high vacuum system with a base vacuum ~107 torr. The EuS
growth, from islands to a continuous layer, on Au(111) surface is controllable by
varying the EuS thickness as described before (33). EuS islands are chosen here to
facilitate the STM measurements, because the EusS thick films are too insulating. The
STM and STS experiments are performed in an ultrahigh-vacuum custom-assembled
STM with an RHK PanScan head integrated in a Janis 300 mK He3 cryostat with a 5-T
vector magnet. The STM is equipped with a rotating flange that allows a precise
rotation of the scanning head with respect to the magnet of the cryostat, allowing
us to align the applied magnetic field with the Au nanowire. Tunneling spectroscopy
measurements were taken using a standard lock-in technique at 937-Hz frequency
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