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Abstract: 

The induced superconductivity (SC) in a robust and scalable quantum material with strong 

Rashba spin-orbit coupling is particularly attractive for generating topological superconductivity 

and Majorana bound states (MBS). Gold (111) thin film has been proposed as a promising 

candidate because of the large Rashba energy, the predicted topological nature and the possibility 

for large-scale MBS device fabrications.1 We experimentally demonstrate two important steps 

towards achieving such a goal. We successfully show induced SC in the Shockley surface state 

(SS) of ultrathin Au(111) layers grown over epitaxial vanadium films, which is easily achievable 

on a wafer scale. The emergence of SC in the SS, which is physically separated from a bulk 

superconductor, is attained by indirect quasiparticle scattering processes instead of by 

conventional interfacial Andreev reflections.1 We further show the ability to tune the SS Fermi 

level (ܧி) by interfacing SS with a high-κ dielectric ferromagnetic insulator EuS. The shift of ܧி 

from ~ 550 mV to ~34mV in superconducting SS is an important step towards realizing MBS in 

this robust system. 

 

One Sentence Summary: Surface state superconductivity near the Kramer’s degeneracy point 

of Rashba band in ultra-thin gold with strong spin-orbit coupling. 

 

 

 

 

 

 



3 
 

Main text: 

 The Shockley surface state (SS) of Au(111) is well-known to feature strong Rashba spin-

orbit coupling (SOC) and recently has been predicted to have topological nature.2,3 Such strong 

SOC, reaching 110 meV and orders of magnitude stronger than those in semiconductors, has 

been theoretically shown to produce robust MBS once the SS attains SC.1 Several experiments 

have shown the potential signatures of MBS.4-15 Achieving SC in SS of Au, therefore, will 

further lay the foundation for obtaining more robust MBS, for example a pair of MBS existing at 

higher temperatures. Besides, because the large-scale design and fabrication of nanowire 

network at the wafer-scale is possible with Au(111) thin film, this approach is scalable. These 

unique advantages would readily allow the Au(111) platform to realize a variety of proposed 

schemes to manipulate the MBS.  

 The SS band has no direct overlap with the projection of the bulk gold band on the (111) 

surface and the standard mechanism of superconducting proximity effect does not apply. Our 

prior theoretical work has shown that a finite superconducting pair amplitude is generated in SS 

through elastic or inelastic scattering processes even though the SS are not directly in touch with 

a superconductor.1 Although it is not clear how this new mechanism will work in practice, it is 

important to demonstrate the superconductivity in SS experimentally. A second problem is that 

the Fermi energy of the SS is very large, ~550 meV, and holds many transverse sub-bands for 

any realistic nanowire width. It will be important to reduce the Fermi energy. In this paper we 

demonstrate that by depositing EuS on the gold surface, a giant shift from ~550 meV to ~34 

meV is achieved. Further, EuS has the added advantage that it is a ferromagnet insulator and can 

enhance the Zeeman energy by exchange interaction. By using EuS as a barrier in tunnel junction, 
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we see evidence of the magnetism by change of coherence peak height as a function of the 

magnetic field. 

We have achieved surface state SC by using pristine (111) surface of ultra-thin (4 nm) 

wafer-scale Au film grown on vanadium, a s-wave superconductor.16 The film thickness ~ 4 nm 

is chosen so that the Au(111) layer thickness is much greater than the SS penetration depth (~3.2 

monolayer),17 and thin enough to allow fully induced SC gap in its bulk,18 in contrast to the 

previous report on Ag(111) where the SS penetration depth is comparable to the layer 

thickness.17,19 Our island-free Au(111) layer on V (Fig. 1) further allows uniformly induced SC 

gap, which could otherwise be degraded by island boundaries,19-21 providing a stable platform for 

fabricating scalable Au nanowire network in the future for detecting and braiding the MBS.1,22 

 The high quality Au(111) layer, confirmed by atomically resolved STM topography (Fig. 

1c and 1d), possesses clear SS. The bottom of the SS band (ܧௌௌ) manifests as a peak in ݀ܫ/ܸ݀ vs 

௕ܸ௜௔௦ spectrum at ௕ܸ௜௔௦ ~ -0.57 eV (Fig. 1c inset and Fig. 2b). Compared to bulk Au crystals,23,12 

our measured ܧௌௌ is close but lower. This could be a result of the STM tip electric field affecting 

the SS, or could indicate that the value of ܧௌௌ may be different in 4nm Au(111) grown on V. At 

௕ܸ௜௔௦ = 0 eV, where ܧி is located, the Fermi level therefore crosses both bulk states and SS. It 

has been shown that the SS of a noble metal can degrade when growing on another metal and 

having a thickness comparable to the SS decaying depth.17 The sharp ݀ܫ/ܸ݀ peak (Fig. 1c inset) 

demonstrates that the SS is well defined. 

 We show that ܧௌௌ െ ிܧ  sensitively depends on the dielectric environment above the 

Au(111) surface (Fig. 2), an effect which is crucial for electronically manipulating MBS in future 

experiments.1,24 We modulate ܧி  by growing ultra-thin EuS, a ferromagnetic high-ߢ dielectric 

insulator (߳ ~ 23.9 in bulk),25 on top of Au(111)/V (Fig. 2a). Rectangular shaped EuS islands 
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with uniform monolayer (ML) height (~2.8 Å) grow well on Au(111). In order to estimate how a 

ML of EuS affects the surface state of the underneath Au, we measure spectroscopy on top of 

EuS island and bare Au surface sequentially (see Fig. 2b). On both bare and EuS covered sites, ݀ܫ/ܸ݀ shows a peak at ܧௌௌ (Fig. 2b) as expected. Compared to bare Au, ܧௌௌ on EuS island is 

shifted upwards by ~200 meV towards ܧி. We point out that the Au(111) surface has the same ܧி regardless of whether it is with or without the coverage of EuS, whereas the reduced |ܧௌௌ െܧி| is a result of the increase of ܧௌௌ due to EuS coverage. Because the SS are quantum well 

states confined by the s-p bulk band gap of Au and the surface image potential, the large 

dielectric constant of EuS modifies the image potential and reduces the quantum well width to 

deplete the surface electrons.26 Unlike other reported approaches of tuning the SS band of 

Au(111), for example using monolayer MgO,27 the magnetic EuS also generates a substantial 

interface Zeeman field (ZF), a prerequisite for creating MBS in Au(111).1,28-31 

 Next, we bring ܧி further closer to the Kramers degeneracy point of SS by increasing 

EuS thickness. With thicker EuS layer scanning tunneling spectroscopy (STS) becomes 

impractical, so we fabricated planar thin film sandwich tunnel junctions (TJs) and perform ݀ܫ/ܸ݀ tunneling spectroscopy through the 2.4 nm thick EuS layer (Fig. 2c). In TJs, we observe 

that ܧி approaches ܧௌௌ further with |ܧௌௌ െ  ி| ~ 34 meV (Fig. 2c), which is in the vicinity of theܧ

Kramers degeneracy point.32 A sizable Zeeman field, such as that provided by the EuS layer,28-

30,33,34 is predicted to cause topological SC and MBS.1 The depletion of the SS also serves to 

reduce the number of the SS sub-bands, leading to a much more favorable condition for the 

creation of MBS’s. 1 
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 The induced bulk SC gap in the 4 nm Au(111) is expected to be governed by 

conventional proximity effect. According to McMillian’s model,18 when a normal metal is in 

contact with a superconductor, the normal metal obtains a proximity induced self-energy of: 

∆ேൌ ሺ௰ೄ௱೛ಿ೓ା௰ಿ ௱ೄ೛೓ሻሺ௰ೄା௰ಿ ሻ        (1) 

where ߂ே௣௛ and ߂ௌ௣௛ denote the self-energies of the normal metal and the superconductor due to 

phonons (߂ே௣௛  ~ 0 for Au).18 The energy scales ߁ே  and ߁ௌ  are defined as ߁ே ൌ ԰ఛಿ and ߁ௌ ൌ ԰ఛೄ, 

where relaxation times ߬ே and ߬ௌ represent the time a quasiparticle spent in the Au(111) layer 

and the V layer respectively.18 For films with a thickness d less than the mean-free-path ݈, we 

have ߬ ׽ ௗ௩ಷ. Taking the literature values ݒி ~ 8×105 m/s in Au and ݒி ~ 1.8×105 m/s in V,32,35 

we find ߁ே ب ௌ for 4nm Au(111) grown on 20nm V. Therefore, we expect ∆ேൎ߁  ௌ௣௛ (Eq. 1)߂

indicating that the bulk states of Au(111) inherit the full SC gap from V. Such conventional 

proximity effect is revealed by our TJs with EuS barrier, in which a SC gap shows up when T is 

below the ஼ܶ of Au(111)/V (Fig. 3a).16 

 As the temperature of the sample being lowered below 2.5 K, the ݀ܫ/ܸ݀ coherence peaks 

split (Fig. 3a). We attribute such splitting feature to indicate the emergence of a new SC gap in 

Au(111), and that it does not correspond to the lifted spin degeneracy in Au(111) under the 

magnetic exchange field (MEF) of EuS as previously seen in Al.33 In materials with strong SOC, 

such as Au(111), spin is not a good quantum number and thus the spin splitting of the 

quasiparticle density-of-states (DOS) is suppressed in the presence of strong MEF, as has been 

demonstrated in Al TJs with Pt scatters.36-42 
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 To confirm that the spin splitting is suppressed, the Al2O3/Al interface in a standard 

Al/Al2O3/Al/EuS junction is decorated with a sub-monolayer of Au (Fig. 3b and SI). The typical ݀ܫ/ܸ݀ spectra (Fig. 3b) show collapsed spin-split coherence peaks in the presence of only 0.6 Å 

Au at the interface. Using Maki-Fulde model,43-47 we show that the spin-orbit scattering 

parameter ܾ ሺൌ ԰ 3Δ߬௦௢⁄ ), where ߬௦௢ is the spin-orbit scattering time and Δ is the superconductor 

gap, systematically increases when the Au thickness increases (SI) and the split coherence peaks 

in 4nm Au (Fig. 3a) could not be caused by MEF.37-41 Hence the development of the second peak 

in Fig. 3a is attributed to the emergence of an additional SC gap that is opened up in Au(111) at 

temperatures below ~ 3K, lower than the bulk ஼ܶ ~ 4.0 K of Au(111)/V. 

 To better resolve the emergent SC gap, the sample is cooled down to T = 1.0 K (Fig. 3c) 

and we observe four ݀ܫ/ܸ݀ peaks labeled as ܤା, ܵା, ିܤ and ܵି representing the sum (+) and 

difference (-) tunneling processes in a S-I-S TJ. The ݀ܫ/ܸ݀  spectrum can be modeled by 

considering two SC gaps in the Au(111) layer: bulk gap (B) and surface gap (S) (Fig. 3d). The 

total quasiparticle DOS in Au(111) can be written as the sum of two BCS terms, i.e. one from 

bulk (B) and one from surface (S), as: 

ሺଵା௥ଶ ሻ ڄ ܴ݁ሺ ாି௜୻ಳටሺாି௜୻ಳሻమି୼ಳమ ሻ ൅ ሺଵି௥ଶ ሻ ڄ ܴ݁ሺ ாି௜୻ೄටሺாି௜୻ೄሻమି୼ೄమሻ    (2) 

with ݎ adjusting the ratio of the two, and Γ the lifetime of the quasiparticles. The model (Eq. 2) 

reproduces the position and the relative magnitudes of the ݀ܫ/ܸ݀ peaks (Fig. 3c). We thereby 

extract the SC gaps as: Δ஻ = 0.63 ± 0.04 meV, Δ஺௟ = 0.22 ± 0.04 meV, and Δௌ = 0.38 ± 0.02 meV. 

Both the bulk gap (Δ஻) and the Al gap (Δ஺௟), as expected, nicely agree with the BCS relation  2Δ ൌ 3.5݇஻ ஼ܶ (Au/V ஼ܶ ~ 4.0 K and Al ஼ܶ ~ 1.7 K). The bulk gap Δ஻ seen in Fig 3a originates 

from the induced bulk SC due to the conventional proximity effect as describe by Eq. 1. On the 
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other hand, Δௌ, with a smaller size, has to come from a different energy band in Au (111). Since ܧி crosses both bulk and surface bands (Fig. 2c and 2d), Δௌ is a result of the induced SC in the 

SS of Au(111). As discussed previously, the SS has a penetration depth of only ~ 3.2 monolayers 

in Au(111),48 and is thus well separated from V by the 4nm thick Au(111) layer. Conventional 

proximity effect (Eq. 1) cannot account for this. Furthermore, the SS band lies within a large gap 

of the bulk bands when projected to the (111) surface which is responsible for the well-defined 

nature of the SS. This also means that direct single electron hopping is not possible between the 

surface and the bulk. Thus, the gap Δௌ must be induced indirectly – concurring with our previous 

theoretical predictions.17 The idea is that while a single electron in the SS has no overlap with the 

bulk electronic state, a pair of SS electrons can couple to a Cooper pair in the bulk via elastic 

scattering from impurities or inelastic scattering due to phonons or Coulomb interactions. We 

point out that the peaks ܵା, ିܤ and ܵି do not result  from the sub-gap bound states caused by 

Andreev reflections as explained below. Such bound states would satisfy the De Gennes - St. 

James equation as: ఌ೙௅԰௩ಷ ൌ ߨ݊ ൅ cosିଵ ቀఌ೙୼ ቁ  with ߝ௡  the energy of the bound states, ܮ  the 

trajectory length of the coherent Andreev pairs, and Δ the main SC gap (Δ ൌ Δ஻ in our case).1 

However, if we assume ܵି, the peak positions of other sub-gap peaks (ܵା and ିܤ) cannot be 

reproduced by the De Gennes - St. James equation. Moreover, as shown in Fig. 3c, the tunneling 

conductance at ܤା is at least four times larger than those of the other peaks. This excludes also 

the possibility that they are contributed by the spin-split coherence peaks of Al under the MEF of 

EuS.49 Therefore, the emergence of Δௌ  is clearly attributable to the induced SC in the SS of 

Au(111).  

 The SC in SS further demonstrates contrasting properties under an external magnetic 

field suggesting its 2D nature. We apply a magnetic field צ࡮ of 270 Oe parallel to the film plane 
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of the junction (Fig. 4a), large enough to align EuS magnetization.36 The peak heights at ܤା and ିܤ drop noticeably under צ࡮ (Fig. 4b) as a result of the orbital depairing effects. Because ܤା and ିܤ correspond to the quasiparticle tunneling between the bulk states of Au(111) and Al, the 

enhanced depairing reflects the weakening of bulk SC.31 However, the ܵା  and ܵି  peaks are 

noticeably increased (Fig. 4b) suggesting an improved quasiparticle lifetime, and which cannot 

be attributed to the tunneling of bulk states with צ࡮  present. However, it is known that the 

depairing effect can be largely suppressed in superconductors approaching the 2D limit, where 

the thicknesses of the superconductor is smaller than the penetration depth of a parallel magnetic 

field.36 Therefore, ܵା and ܵି could involve the tunneling of 2D-like quasiparticles such as those 

from the SS of Au(111).36 Moreover, the fieldצ࡮ aligns the magnetization of EuS. Before the 

application of צ࡮, the non-aligned spins at the EuS/Au(111) interface and domain walls present 

in EuS can introduce spin-flip scattering, which reduces the quasiparticle lifetime of SS. The 

enhanced ܵା and ܵି peaks suggest the aligned interface spins and the magnetized EuS, further 

supporting the 2D nature of SS. 

 Interestingly, we observe an additional ݀ܫ/ܸ݀  peak at zero voltage (Fig. 3c), which 

doesn’t decay when צ࡮ is applied, while it disappears when ୄ࡮ is applied. Our model in Eq. (2) 

cannot account for this ݀ܫ/ܸ݀ peak. We suggest that this ݀ܫ/ܸ݀ peak could be due to Andreev 

reflections, which cause the tunneling of Cooper pairs between the top electrode Al and the 

bottom electrode Au. Nevertheless, the physical origin of this ݀ܫ/ܸ݀  peak requires further 

studies. Our demonstrated SC in the Au(111) SS sets the stage for the observation of MBS in 

tunable and scalable EuS/Au(111)/V layered system. 

 

Methods: 
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 We use similar growth method as reported before.17 Scanning tunneling spectroscopy 

(STS) and scanning electron microscopy (SEM) are used to confirm the high quality Au(111) 

surface. The STM and STS experiments are performed in a custom assembled STM with RHK 

PanScan head integrated in a Janis 300mK He3 cryostat with vector magnet. Atomically resolved 

STM images of Au(111) surface are obtained after the growth by careful pumping of the sample 

space in the STM load-lock with a turbo molecular pump. The spectroscopy of differential 

conductance dI/dV versus bias voltage is performed at T = 5K under open feedback loop 

condition with a voltage modulation Vrms ~ 7-10 mV and AC frequency f = 1.57 KHz. 
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Figures and Captions: 

 

Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 1: (a) Large scale constant current STM topography image of 20nm thick V film grown on 

sapphire substrate. (Inset): schematic layout of the heterostructure. (b) High resolution STM 

image confirming V(110) surface.16 (c) The large scale atomic terraces of 4nm Au grown on V. 

(Inset): dI/dV tunneling spectrum showing the edge of the surface energy band. (d) Atomic 

resolved STM image showing the hexagonal atomic lattice of Au(111). 

 

Fig. 2: (a) STM topography image of sub-ML EuS grown on Au(111)/V surface. A continuous 

EuS layer is obtained when the thickness is above 3ML (~1nm), which causes difficulties for the 

STM scanning due to insulating EuS. The line scan profile (inset) shows the height of the EuS 

island is ~ 3Å. (b) STS spectrum obtained on top of pristine Au(111) (red) and on Au(111) with 

1ML EuS island (blue) respectively. The bottom of the SS band shifts towards EF by ~ 0.2 eV. 

The tunneling spectra are normalized to the dI/dV peaks respectively. In each case, two dI/dV 

scans (manually shifted on the vertical axis) are shown to demonstrate the reproducibility. (c) 

With 2.4 nm EuS grown on Au(111), ܧி is found to be only ~ 34 meV above ܧௌௌ. Because 2.4 

nm EuS is insulating, the ݀ܫ/ܸ݀ spectra are measured in planar tunnel junction (TJ) devices. The 

tunneling spectrum is normalized to the dI/dV peak that corresponds to ܧௌௌ. The inset shows the 

dI/dV spectrum in the full bias voltage range. The clear asymmetry (inset), showing the dI/dV 

peak only at the negative bias voltage side, is consistent to our tunneling experiment setup and 

the band structure of Au(111), which are shown in (d). 

 

Fig. 3: (a) ࢂࢊ/ࡵࢊ of the TJ shown in Fig. 2c inset (EuS thickness: 2.4 nm). Because ࢂࢊ/ࡵࢊ 

depends on the DOS of the two layers (Au and Al) in the vicinity of the insulating barrier EuS, the ࢂࢊ/ࡵࢊ  gap reflects the induced SC in bulk Au(111). The doublet on the coherence peak is a 
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signature of the SS gap. (b) A control sample showing that the doublet is not due to the MEF of 

EuS. The control TJs have one Al tunneling electrode coupled to EuS with decorated Au to tune 

the interface SOC (noted as Al/Al2O3/Au/Al/EuS). (c) ࢂࢊ/ࡵࢊ  of the same device as in (a) 

measured at T = 1.0 K (black curve). The multiple conductance peaks are well modeled (blue 

curve) by the S-I-S tunneling of the two band SC in Au (111) (Fig. 3d). (d) Schematics of the S-

I-S tunneling model with Au having two induced SC gaps. 

 

Fig. 4: (a) Tunneling conductance of planar TJ (schematic on the right) in the presence of a 

parallel magnetic field. Half of the tunneling peaks demonstrate contrasting responses to the 

magnetic field. (b) The zoomed-in data of each tunneling peak. For tunneling involving the bulk 

quasiparticles of Au, the conductance peak (red curves) is reduced by the applied magnetic field. 

For tunneling involving the SS quasiparticles of Au, the conductance peak (red curves) is 

enhanced by the applied magnetic field, which indicates the 2D nature of the quasiparticles in 

SS. 
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