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Evidence of superconducting Fermi arcs
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Anessential ingredient for the production of Majorana fermions for use in quantum
computing is topological superconductivity* As bulk topological superconductors

remain elusive, the most promising approaches exploit proximity-induced
superconductivity®, making systems fragile and difficult to realize*”. Due to their
intrinsic topology®, Weyl semimetals are also potential candidates'? but have always
been connected with bulk superconductivity, leaving the possibility of intrinsic
superconductivity of their topological surface states, the Fermi arcs, practically
without attention, even from the theory side. Here, by means of angle-resolved
photoemission spectroscopy and ab initio calculations, we identify topological Fermi
arcs ontwo opposing surfaces of the non-centrosymmetric Weyl material trigonal
PtBi, (ref. 9). We show these states become superconducting at temperatures around
10 K. Remarkably, the corresponding coherence peaks appear as the strongest and
sharpest excitations ever detected by photoemission from solids. Our findings
indicate that superconductivity in PtBi, can occur exclusively at the surface,
renderingit a possible platform to host Majorana modes inintrinsically topological
superconductor-normal metal-superconductor Josephsonjunctions.

The realization of topological superconductivity in new materials,
which leads to robust Majorana fermions, has so far been hindered by
numerous experimental challenges. Among them are the sophisticated
growth of nanowire single crystals and heterostructures, as well as
fine-tuning of the composition of non-stoichiometric compounds.
Additionally, the rarity of spin-triplet superconductors and extremely
smallinverted gapsiniron-based superconductors’, proposed asintrin-
sicheterostructures', are responsible for the lack of success in existing
materials.

Weyl semimetals bear non-degenerate spinstatesbothin thebulkand
atthesurface and the doped version of either time-reversal-breaking or
non-centrosymmetric Weyl semimetals canbecome superconducting™.
The search for topological superconductivity in such systems has
beenfocused on finding bulk superconductivity, which would lead to
Majorana fermion surface states. The possibility of intrinsic supercon-
ductivity of the arcs themselves, related to the topology of the band
structure with Weyl nodes, has virtually not been considered. Although
the arcs cannot support superconductivity in time-reversal-breaking
Weyl semimetals', the non-centrosymmetric varieties remain an option.
Indeed, very recently, superconductivity associated with only the Fermi
arcs of such systems has been predicted theoretically™.

Trigonal PtBi, has emerged recently as a type-1 Weyl semimetal
that reportedly exhibits superconductivity®®, making it an attrac-
tive candidate for topological superconductivity. Scanning tunnel-
ling spectroscopy experiments confirmed the presence of surface
superconductivity by observing typical spectra of superconducting
gaps'>". These spectra provided the evidence that the topological

Fermi arcs bear the superconductivity in PtBi,. This occurs on both of
the non-equivalent surfaces of PtBi,.

Three-dimensional band structure

Theelectronic structure of trigonal PtBi, has been studied both experi-
mentally and theoretically®> ", The material crystallizes in the trigonal
P31mspace group™and exposes two different surfaces upon cleaving,
which we refer toas Aand B below (Fig.1a). The band structure (Fig. 1b)
arises mostly due to hybridization of Bi 6p, Pt 5d and Pt 6s states. Two
sets of Weyl points are located in momentum space as showninFig.1c,d,
having the energy of 47 meV above the Fermilevel. To set a baseline from
which the three-dimensional (3D) band structure can be resolved, we
have recorded 16 angle-resolved photoemission spectroscopy (ARPES)
datasets covering at least the first 3D Brillouin zone and approxi-
mately 1eV in energy using the photon energies from 15 to 43 eV (see
also Extended Data Fig. 1). This allowed us to identify high-symmetry
points along the k, direction and find the value of the inner potential
(V,=10.5eV).InFig.1le we show the Fermi surface maps taken using the
photon energies corresponding to high-symmetry points along the
k,direction and approximately half-way in between them. The latter
two (left column) are easy to recognize by the pronounced C; symme-
try of the pattern, rotated by 60° with respect to each other. The map
takenwith 19 eV photons hasahigher degree of hexagonal shape, which
corresponds to the A-point of the Brillouin zone. The map taken with
29 eV photons at the level of the I'-point bears a certain resemblance
to the almost featureless calculated intensity as suggested by Fig. 1c.
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Fig.1|3D band structure of PtBi,. a, Crystal structure of PtBi,. b, Fragment
ofthe band structure. One Weyl pointisincluded. ¢, Fermisurface, Weyland
high-symmetry points. Colour scaleindicates Fermi velocity.d, TMK plane of
theBrillouin zone with projections of the Weyl points. Magenta (blue) colours
stand for positive (negative) chirality. e, Fermisurface maps taken using
different photon energies and the corresponding results of the band structure
calculations. We note that fixed photon energy probes a sphere of the large
radiusinthe k-space, matching theoretical data formally only at one pointin

The experimental pattern in this case is connected with the finite k,
resolution of ARPES. In Fig. 1f,g, we also show the comparison of the
dispersions along the lines indicated in Fig. 1e. The features look very
similar, being shifted in energy or momentum without any signatures
of strong renormalization, or similar manifestations (see also Extended
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thecentre. Theoretical Fermi maps were averaged over arange of1/10

ofthe Brillouinzone size in the k, direction to account for experimental
uncertainties. Theintensities of the theoretical Fermi maps were normalized
tothe density of states for different k, points. f,g, Left, energy-momentum
intensity distributionsat21eV (f) and 19 eV (g) along the cutsindicated by blue
dashed arrows in e. Right, corresponding energy-momentum spectrataken
fromthe band structure calculation.

DataFig.3). These datasuggest areasonable general agreement between
experiment and theory, which is in accord with previous ARPES stud-
ies™ '8, The experimental confirmation of the main features of the band
structure and Weyl points near the Fermilevel thusimplies that PtBi, is
indeed a Weyl semimetal, which we will fully confirm below.
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Fig.2|Fermiarcs. a, High-resolution Fermisurface maps (hv=17 eV, T=1.5K)
fromboth terminations. Arcsin the first Brillouin zone are indicated by the
arrows. Note their presencein the equivalent positionsinthe first and repeated
Brillouin zone. b, Fermisurface maps at different photon energies, all showing
the presence of the arcs measured at 15 K. The sketchin the middle providesa

Surface states on two terminations

In Fig. 2a we present high-resolution Fermi surface maps from both
terminations. Although seemingly different, closer inspection suggests
that they share mostly the same pattern, provided intensity variations
aretakenintoaccount. The number oflocalized features can be clearly
distinguished in the map from termination B, at approximately 3/4
of 'M distance and equivalent locations. These features have been
overlookedinearlier ARPES studies™ . Since the calculated bulk con-
tinuum displayed in Fig. 1b does not contain any similar electronic
statesinthis region, we consider those as originating fromthe surface.
The termination Amap also shows similarly located features, but they
are more clearly seen in the second Brillouin zone. The underlying
bulk-relatedintensity is higher, masking the surface states. To establish
their presence unambiguously, we show eight Fermisurface maps taken
using different photon energiesin Fig. 2b. All maps exhibit all the above
features at the same location—approximately 3/4 of the TM distance, as

296 | Nature | Vol 626 | 8 February 2024

Termination A

21eV

33 eV
T T T T

0 10
Angle (°)

-20 -10 O

Angle (°)

10

Arcs

Max.

Energy (eV)
S
n

-0.2

Min.

-0.4

0
Momentum (A-1)

0.4
Momentum (A-1)

visual reference for position of the arcs. ¢, Arcs as seenin the calculations. Blue
dotsshow the projections of the Weyl points. d,e, Experimental and calculated
energy-momentum intensity plots for terminations A (d) and B (e) along the
cuts throughthe arcs highlighted by blue dashed arrowsina.

inthe case with termination A. Sinceitis unlikely that a particular bulk
feature would be presentinall of therecorded Fermisurface maps for
amaterial with a highly 3D electronic structure, we conclude that these
featuresalsorepresent the surface. The schematic plot (inthe middle
of Fig.2b) summarizes our observations regarding the locations of the
arcs made from considering the Fermi surface maps.

Detected spots of intensity, which we identified above as surface
states, remarkably coincide with the results of calculations which take
into account the presence of the surface (Fig. 2c). Since PtBi, is a Weyl
semimetal, one does expect the presence of the topological Fermi
arcs, different for terminations A and B. In an ideal type-1 Weyl semi-
metal, the location of the starting and end points of the arcs should
be identical as those are the projections of the Weyl points (Fig. 1d).
The Weyl points, non-degenerate crossings of the bandsin 3D k-space,
arealmostimpossible to detect by ARPES directly because of the finite
resolution, but the corresponding Fermi arcs have been repeatedly
seen experimentally in various materials?2*,
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Fig.3|Laser-ARPES. a, Fermi surface map taken using hv=5.9 eVat3K.Arcs
areseentogether withotherbulk-originated features. b, Underlying dispersion
along the momentum cutsindicated by arrowsina. c, Typical EDCs fromb. Bulk
EDCis taken close to zeroth momentum, while surface EDC corresponds to the
arc.d, One of the narrowest and strongest EDCs detected in the present study.
e, Arcsseen alongthe different cuts through the Brillouin zone in different

Figure 2d,e demonstrates acomparison of the intensity distribution
alongthe paths marked in Fig.2a, which run through the arcs. The arcs
aresituated very close to the Fermilevel and are well distinguished from
the regions smeared out by k,-resolution bulk dispersions.

Considering the discrepancies in the experimental and theoretical
3D band structure (Fig. 1), we do not expect exact correspondence
between the calculated Fermiarcs and the ARPES data, but the observed
agreement proves not only that the experimental features are indeed
the topological Fermi arcs, but also that PtBi, is a Weyl semimetal.

Robust Fermi arcs from laser-ARPES

To study the detected spots of intensity in the Fermi surface mapsin
more detail, we carried out ARPES experiments using a laser setup.
Because of the low kinetic energy of photoelectrons (approximately
1.7 eV), the part of the Brillouin zone that is accessible during these
experimentsis very limited. We have concentrated on detecting at least
one arc in the portion of the k-space marked in the sketch of Fig. 3a.
Several representative cuts through the key features seen in the map
areshownin Fig.3b. With that effort, the arcis better resolved, but still
very localized in terms of both momentum and energy. We estimate
the momentum extension to be of the order of 0.04 A™, whichisin
excellent agreement with theory (Fig. 2c).
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experimental geometries. f, Intensity distribution taken using horizontally
polarizedlight along the path crossing two arcs. g, The same momentum and
energyrangeasinf,fromthe calculations. Note, the surface states ataround
200 meVbinding energies are also reproduced. h, Circular dichroism from the
same region of the k-space. Colour bar in pannel a also applies to panels
befandg.

The most striking characteristic of the arc states is their energy
distribution. In Fig. 3¢, we compare the energy distribution curves
(EDCs) corresponding to the bulk and surface states. As the data are
taken with very high resolution and at extremely low temperature, the
Fermi momentum (k;) EDC representing bulk states has a well-defined
maximum (full-width at half-maximum (FWHM), 30 meV) near the
Fermilevel and leading-edge width of approximately 5 meV. However,
the sharpness and peak-to-background ratio of the EDC represent-
ing the Fermi arc is unprecedented. We have routinely observed the
peaks having FWHM below 3 meV and a peak-to-background ratio of
approximately 50 in numerous cleaves of many samples (Extended
Data Fig. 4b and Methods). One such curve is shown in Fig. 3d. As far
as we are aware, such a sharp peak has never before been observed in
any photoemission experiment from solids.

InFig.3e, we show furtherappearances of the arcs inthe momentum-
energy plots from different cleaves and different terminations. The
sharpness and flatness retain the robust characteristics of the feature
inallour experiments at the lowest temperatures. We noticed that for
A and B surfaces, the arc states are supported by the strongly and
weakly dispersing bulk states, respectively, exactly as expected from
theory.

Direct comparison withthe calculations, considerating the presence
ofthetopological surface states, is presented in Fig. 3f,g. The agreement
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Fig.4|Superconductingarcs.a, Temperature dependence of thearcs’
dispersion from the terminations A and B.b, Zoomed-in datasets showing
underlying dispersion of the arcs. ¢, EDCs correspondingto the coloured
arrowsinb.d, Leading edge and peak positions fromb. e, Averaged values
of the peak positions closest to the Fermilevel asa function of temperature
for different samples and terminations. Samples 1and 3 correspond to

with the experiment is remarkable: bulk- and surface-related disper-
sions are captured not only qualitatively but also quantitatively. The
difference between the spectra taken with right- and left-circularly
polarizedlight (Fig. 3h) allows us to identify additional features in the
intensity distribution, making the agreement with the theory even
stronger (see also Extended Data Fig. 6).

Despite the clear correspondence between laser-ARPES data and
density functional theory calculations, there is one detail which remains
unexplained—the striking flatness of the surface band without any
signature of the Fermi level crossings.

Superconductivity at the surface

Record-high sharpness of the arc EDCs strongly resembles coherence
peaks in ARPES data from superconductors (for example, ref. 25). To
determine whether the electronic states in question bear any other
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termination A and Samples2and 4 correspond to termination B. f, Shift of the
EDCswith temperature. g, Difference plots showing the changes of the intensity
asafunction oftemperature. h, Results of the calculated spectral weight, taking
intoaccountthe superconductivity at the surface. i, Schematics of the electronic
structure of PtBi,. Green contours represent the Majoranastates suggested by
thetopological superconductivity at the surfaces. a.u., arbitrary units.

characteristic features of superconductivity, we have carried out
temperature dependent measurements. In Fig. 4a we show the data-
setsrecorded at 3 and 30 K for both terminations. The comparison of
the spectra taken at different temperatures underlines their flatness
at the lowest temperature. The arcs clearly lose spectral weight and
gain dispersion—just as is to be expected when the system enters the
normal state. The apparent asymmetry of the arcs’ dispersion stems
fromthe openness of the Fermicontour made by anarc—conventional
electron-like Fermi surface pockets would be supported by the sym-
metric (withrespect tothe bottom) dispersions crossing the Fermilevel.
Extended Data Fig. 2b presents a zoomed-in picture of the calculated
arcs, together with bulk bands. The arcsintersect the Fermilevel on one
side only and merge into the bulk zones on the other side, creating an
open contour on the Fermi surface map.

We have also reproducibly observed another peculiar aspect of
the superconducting state behaviour. In Fig. 4b, where the arcs are



measured with the highest resolution, the typical back-bending of
the dispersion from the side where the states most closely approach
the Fermi level is clearly seen. This is illustrated in Fig. 4c,d where we
plot EDCs at several momentum values as well as their peaks and their
leading-edge positions. We further track the behaviour of the peak posi-
tions as afunction of temperature in Fig. 4e. Actual EDCs corresponding
to the broadest transition in sample 3 can be found in Extended Data
Fig. 4b (Methods). Typical for superconductivity, shifts are observed
whengoingthroughthe critical temperatures 7. Such shifts measured
at the k; give a rather precise estimate of the superconducting gap 4.
Our measurements yield 7., =14 + 2K and 7 =8 + 2K, whereas the
corresponding superconducting energy gaps are 1.4 + 0.2 meV and
2+ 0.2 meV, respectively. The transition for termination A seems tobe
broader and T higher compared to termination B, which suggests that
slightly differing superconducting states set in on the opposing sur-
faces. Takinginto account the different electronic structure of the two
surfaces with Fermi arcs, it is not surprising that the superconducting
orders are not fully equivalent. Signatures of Berezinskii-Kosterlitz-
Thoules transition seen by transport® may explain the unusual 4/7,
ratios.

In Fig. 4f,g, we present additional evidence for essentially surface-
related superconductivity observed in two different samples. While
the EDCs corresponding to the surface states are clearly shifted with
varying temperature (Fig. 4f), the bulk-related spectral weight remains
virtually intact, showing only weak changes caused by the slightly dif-
ferent width of the Fermi function. This is illustrated with the aid of
two-dimensional difference plots (Fig. 4g), where the clearly stronger
variations of spectral function occur in the region where the arcs are
located.

We can reproduce the experimental spectral function of PtBi,,
including both the flatness and back-bending of the surface states,
by switching on superconductivity only at the surface via a solution
of the Bogoliubov-de Gennes (BdG) Hamiltonian for a semi-infinite
solid with a gap function of V, =2 meV in the first three PtBi, layers.
Theresultis shown in Fig. 4h for the momentum and energy intervals
corresponding to Fig. 4g (see also Extended Data Fig. 5 (Methods)).
Note that only the electron-electron part of the BdG spectral density
is plotted to model the ARPES signal and that only the states around
the Fermiarcs acquire a gap at the Fermi level.

The superconductivity of arcs in PtBi, follows not only from the
emergence of unusually strong and sharp coherence peaks at low tem-
peratures, flatness and back-bending of the dispersion, aswell as charac-
teristicshifts of the EDCs; it follows also from the striking agreement with
recent scanning tunnelling microscopy (STM) data**—results of another
surface-sensitive experiment on the crystals from the same batch. There
(seefigure3inref. 14) the authors observed typical tunnelling conduct-
ance of superconductors characterized by the superconducting gaps
varyingin space. Remarkably, the average value of the gap closely cor-
responds to the gap values determined by ARPES. The rather unusual
considerable zero-biased conductance observed by Schimmel et al.*
now hasavery naturalexplanationin terms of abulk contributionwhich
remains ungapped. As seen from the ARPES data, the integrated con-
tribution from the states associated with the bulk can easily reach a
noticeable fraction of the signal from the surface, despite the dominant
intensity of thearcs. The spot size of the laser beamin our study is of the
order of 0.1 mm. This explains the agreement between the determined
gap values with averaged STM data and does not exclude the existence
ofhigher T regions, the detection of which by ARPESwould require an
application of micro- or nano-variations of the technique.

PtBi, emerges as a stoichiometric Weyl semimetal with possible
surface-only superconductivity (Fig. 4i) and thus opens up a pleth-
ora of possibilities to manipulate topological and superconducting
phases in a single material. For instance, by varying the thickness of
the single crystal, one can obtain a tunable Josephson junction that is
intrinsically topological due to the Weyl semimetal forming the weak

link. Topological superconductivity at the surface also may generate
Majorana states at the edges. In this context it is interesting to note
that we observe that the momentum-independent spectral weight at
the Fermi level (apparently seen, for example, in Fig. 2d), appears to
be enhanced when probing regions of the surface with a number of
terraces. Further studies are needed to unambiguously identify and
control both the higher-T, superconductivity and possible Majorana
statesinsurfaces and edges of PtBi, single crystals and nano-structures.

Online content

Any methods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions
and competinginterests; and statements of data and code availability
are available at https://doi.org/10.1038/s41586-023-06977-7.

1. Sato, M. & Ando, Y. Topological superconductors: a review. Rep. Prog. Phys. 80, 076501
(2017).

2. Sharma, M. M., Sharma, P., Karn, N. K. & Awana, V. P. S. Comprehensive review on topological
superconducting materials and interfaces. Supercond. Sci. Tech. 35, 083003 (2022).

3. Fu,L.&Kane, C. L. Superconducting proximity effect and Majorana fermions at the
surface of a topological insulator. Phys. Rev. Lett. 100, 096407 (2008).

4.  Mourik, V. et al. Signatures of Majorana fermions in hybrid superconductor-
semiconductor nanowire devices. Science 336, 1003-1007 (2012).

5. Frolov, S. Quantum computing’s reproducibility crisis: Majorana fermions. Nature 592,
350-352(2021).

6. Wang, D., Wiebe, J., Zhong, R., Gu, G. & Wiesendanger, R. Spin-polarized Yu-Shiba-
Rusinov states in an iron-based superconductor. Phys. Rev. Lett. 126, 076802 (2021).

7. Borisenko, S. et al. Strongly correlated superconductor with polytypic 3D Dirac points.
npj Quantum Mater. 5, 67 (2020).

8. Wan, X., Turner, A. M., Vishwanath, A. & Savrasov, S. Y. Topological semimetal and
Fermi-arc surface states in the electronic structure of pyrochlore iridates. Phys. Rev. B 83,
205101 (201M1).

9. Veyrat, A. et al. Berezinskii-Kosterlitz-Thouless transition in the type-| Weyl semimetal
PtBi,. Nano Lett. 23, 1229-1235 (2023).

10. Zhang, P. et al. Observation of topological superconductivity on the surface of an
iron-based superconductor. Science 360, 182-186 (2018).

1. Meng, T. & Balents, L. Weyl superconductors. Phys. Rev. B 86, 054504 (2012).

12. Nomani, A. & Hosur, P. Intrinsic surface superconducting instability in type-l Weyl
semimetals. Phys. Rev. B108, 165144 (2023).

13.  Shipunov, G. et al. Polymorphic PtBi,: growth, structure, and superconducting properties.
Phys. Rev. Mater. 4,124202 (2020).

14.  Schimmel, S. et al. High-TC surface superconductivity in topological Weyl semimetal
t-PtBi,. Preprint at https://arxiv.org/abs/2302.08968 (2023).

15.  Yao, Q. et al. Bulk and surface electronic structure of hexagonal structured PtBi, studied
by angle-resolved photoemission spectroscopy. Phys. Rev. B 94, 235140 (2016).

16. Thirupathaiah, S. et al. Possible origin of linear magnetoresistance: observation of Dirac
surface states in layered PtBi,. Phys. Rev. B 97, 035133 (2018).

17.  Jiang, W. et al. Electronic structure of non-centrosymmetric PtBi2 studied by angle-resolved
photoemission spectroscopy. J. Appl. Phys. 128, 135103 (2020).

18. &Feng, Y. et al. Rashba-like spin splitting along three momentum directions in trigonal
layered PtBi2. Nat. Commun. https://doi.org/10.1038/s41467-019-12805-2 (2019).

19. & Gao, W. et al. A possible candidate for triply degenerate point fermions in trigonal
layered PtBi2. Nat. Commun. https://doi.org/10.1038/s41467-018-05730-3 (2018).

20. Yang, L. X. et al. Weyl semimetal phase in the non-centrosymmetric compound TaAs. Nat.
Phys. 11, 728-732 (2015).

21.  Lv,B. Q. etal. Experimental discovery of Weyl semimetal TaAs. Phys. Rev. X 5, 031013 (2015).

22. Deng, K. et al. Experimental observation of topological Fermi arcs in type-Il Weyl
semimetal MoTe,. Nat. Phys. 12, 1105-1110 (2016).

23. Haubold, E. et al. Experimental realization of type-Il Weyl state in noncentrosymmetric
tairte,. Phys. Rev. B 95, 241108 (2017).

24. Borisenko, S. et al. Time-reversal symmetry breaking type-Il Weyl state in YoMnBi,. Nat.
Commun. https://doi.org/10.1038/s41467-019-11393-5 (2019).

25.  Kushnirenko, Y. S. et al. Nematic superconductivity in LiFeAs. Phys. Rev. B102, 184502 (2020).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution

By 4.0 International License, which permits use, sharing, adaptation, distribution

and reproduction in any medium or format, as long as you give appropriate

credit to the original author(s) and the source, provide a link to the Creative Commons licence,
and indicate if changes were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence,
visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Nature | Vol 626 | 8 February 2024 | 299


https://doi.org/10.1038/s41586-023-06977-7
https://arxiv.org/abs/2302.08968
https://doi.org/10.1038/s41467-019-12805-2
https://doi.org/10.1038/s41467-018-05730-3
https://doi.org/10.1038/s41467-019-11393-5
http://creativecommons.org/licenses/by/4.0/

Article

Methods

ARPES measurements

ARPES measurements were carried out on the 1 and 1’ARPES endsta-
tions? at BESSY Il synchrotron (Helmholtz-Zentrum Berlin), as well as
in the Leibniz-Institut fiir Festkorper und Werkstoffforschung Dres-
den (IFW) laboratory using the 5.9 eV laser light source. Samples were
cleaved in situ at a pressure lower than 1 x 107 mbar and measured
at the temperatures of 15Kand 1.5 K at BESSY Il and 3-30 K in the [FW
laboratory. The experimental data were obtained using the synchrotron
lightin the photon energy range from 15 to 50 eV with horizontal polari-
zationand laser light with horizontal and circular polarizations. Angular
resolution was setto 0.2-0.5° and energy resolution to 2-20 meV. The
findings from the experiments were consistent and reproducible across
multiple samples.

The simultaneous presence of bulk non-superconducting and sur-
face superconducting states hinders the detection of true coherence
peaks with ARPES. Our experiments at the synchrotron, with energy
resolution of the order of 5 meV, turned out to be insufficient to
detect even the shifts of the leading edges of the corresponding arc
peaks having FWHM of the order of 10 meV and peak-to-background
ratio of approximately 5. This is because the arc states are always on
top of the bulk continuum. Only by measuring with energy resolu-
tion of the order of 1-2 meV did we manage to observe sufficiently
sharp peaks (Fig. 3c,d and Extended Data Fig. 4) and their sensitiv-
ity to temperature. The sharpest features need to be found on the
surface.

A superconducting gap on the arcs is most likely anisotropic. We
included error bars in Fig. 4e to show the influence of a small shift of
the beam spot and thus slightly different emission angle. Taking into
accountthe very highlocalizationin momentum space, this could lead
to probing a different part of the arc and thus different k;, where the
superconducting gap is slightly different.

Bulk band structure and Fermi arc position

In Extended Data Fig. 1, we show ARPES Fermi surface maps obtained
using the photon energies from 15 eV to 43 eV. Relatively strong vari-
ation of the pattern suggests areasonable k,-sensitivity of our experi-
ment. We found the optimal value of the inner potential to be equal to
10.5 eV. This agrees with the previous study of Jiang et al.”.

In Extended Data Fig. 2, we present further evidence that our assign-
ment of the surface and bulk features is correct. Extended Data Fig. 2a
shows EDCs taken across the Fermi arc for different photon energies
(from synchrotron and laser sources), alongside the theoretical EDC
for the fully integrated k.. The peak corresponding to the Fermi arc
remains clearly visible without any noticeable dispersion for differ-
ent values of k,, whereas the peaks located further below the Fermi
level disperse. Such absence of the dispersion is peculiar to the
surface states.

In Extended Data Fig. 3, we show an analogue of Fig. 1e-g, but here
we compare experimental data with the results of band structure
calculations carried out using the linear muffin-tin orbital (LMTO)
method in the atomic sphere approximation as implemented in PY
LMTO computer code?. As is seen from the figure, the agreement is
at the same level as earlier, underpinning the previous conclusion as
regards the good agreement between experimental and theoretical
3D band structure.

InExtended DataFig. 4b, we present the sharpest EDCs from among
the various samples and cleaves. Most have FWHM below 3 meV and a
peak-to-background ratio of over 30.

Band structure calculations

We performed density functional theory calculations using the
full-potential nonorthogonal local-orbital scheme of ref. 28 within
thegeneral gradient approximation® and extracted a Wannier function

model. This allows determination of bulk projected spectral densities
(without surface states) and the spectral densities of semi-infinite slabs
via Green’s function techniques®. To model surface superconductivity
of the semi-infinite slab, the Wannier model is extended into the BAG
formalism with a zero-gap function except for a constant Wannier
orbital diagonal singlet gap function matrix at the first three PtBi, layers.
Amodification of the Green’s function method is used toaccommodate
this surface-specific term.

Surface superconductivity calculations

To model a system which has a non-zero gap function only at the
surface—in the first 30a; which is 3(PtBi,) layers—we modified the
standard Green’s function technique for semi-infinite slabs. The sys-
tem is built by a semi-infinite chain of identical blocks consisting of
3(PtBi,) layers, repeating indefinitely away from the surface. Each
block has aHamiltonian H, for each pseudo momentum kin the plane
perpendicular to the surface and a hopping matrix V,, which couples
neighbouring blocks. The blocks’ minimum size is determined by the
condition that Hand Vdescribe all possible hoppings. To add supercon-
ductivity, the BdG formalism is used by extending the matrices in the

following way:
He A
A;; _ka ’

Vk 0
O _Vtk ’

where we choose 4, = 51'1"[ ?/ l(/;)] with i being a spinless Wannier
~Vo

Hipac =

Vipds =

functionindex and the 2 x 2matrix toactinasingle Wannier function’s
spinsubspace. This choice also leads to A[V; 4] =0, since Vis an off-
diagonal part of the full Hamiltonian. To model surface-only supercon-
ductivity, we let V, = O for all (infinite) blocks, except the first one,
which gets a finite V,=2 meV.

The standard Green'’s function solution for this problem consists of
determining the propagator X which encompasses all diagrams that
describe paths that start atacertainblock, propagate anywhere towards
theinfinite side of that block and return to that block. Xalso describes
the Green’s function G, of the first block and the self-energy to be
added to the Hamiltonian to obtain G, (a self-consistency condition)
Goo=X=(w"-H- %) L% =VXV* (inpractice, however, self-consistency
isobtained by an accelerated algorithm). From this recursion, relations
can calculate all other Green’s-function blocks. These can be derived
by subdividing propagation diagrams into irreducible parts using
known components, in particular X.

If the first block differs from all the others (as is the case due to 4,)
one needs to modify the method in the following way. Let the first block
have Hamiltonian hand hoppings to the second block v (while all other
blocks are described by Hand V). Then the irreducible subdivision of
the propagation diagrams for Gy, resultsin g= (w*— h) -

Goo=g+guXv'g+(guXv')g
B 1
Tt -h-uvXvt

which contains the surface Hamiltonian and a modified self-energy
depending onthe X of the unmodified semi-infinite slab. From this we
canderive the second block’s Green’s function

Gy =X+Xv"GoouX

and all others

G =X+ XV*GVX, n>0



which canbe used to obtain the spectral density up toacertain penetra-
tiondepth. NotethatinourBdGcase H = Hy g4 [Vo=01V =V, 4c[Vo=0]
and h=H, g4c[V,# 0], v=V.The BdG spectral density is particle-hole
symmetricand to obtainresults that resemble ARPES data, one needs
to use the particle—particle block G** (the upper left quarter of the G
matrix) only.

Extended Data Fig. 5b shows the resulting spectra of this method
along the path denoted in Extended Data Fig. 5a. Note that agap is
opened at the surface band pockets close to the Fermi energy, while
therest of the spectrumstays gapless (if we let V, # O for all blocks, we
get acompletely gapped spectrum). Extended Data Fig. 5c shows a
zoomed-in region around the surface state. Note that the bulk bands
are gapless (dark blue vertical features) while the surface state shows
agap and corresponding band back-bending. The particle-hole sym-
metry becomes apparent, although with a larger spectral weight for
the occupied part because we use G* only.

Further discussion

Oneapproachto demonstrate the existence of topologically protected
states with atopological insulator is to perform spin-resolved ARPES.
In this technique, the spin-locking effect determines the spin struc-
ture in the vicinity of the surface Dirac node. However, the situation
is quite different for Weyl semimetals. Here, there is no specific spin
structure or configuration associated with the Weyl nodes, which
canoccuratgeneric pointsinthe Brillouinzone. Asinversionis broken
and spin-orbital coupling present, each band at a generic k-point
naturally possesses a spin direction, but this spin texture is smooth.
Consequently, spin-resolved ARPES measurements cannot directly
reveal Weyl points.

We would like to exclude the interpretation of our data based on
density-wave order, which could, in principle, resultin the similar fea-
tures in the spectra. Charge density-waves require a redistribution
of the spectral weight in the momentum space, characterized by the
particular k-vector (vectors). We have always observed almost the same
Fermi surface maps and underlying dispersions, independent of tem-
perature. Inline with these observations are the results of the STM stud-
ies which never detected any kind of a reconstruction. We have never
observed any replica of the arcs or of the deeper lying surface states,
such as a strong feature at (0.2, -0.2) in Fig. 3f,g. Itis also not clear
which k-vector would be suitable for characterizing the density-wave
order. If the arcs are simply superimposed in momentum, they all are
of electron-like topology, so the opening of the hybridization gaps

seems very unlikely. Finally, the fundamental difference between the
density-wave gaps and superconducting gaps is that the latter are
always pinned to the Fermilevel. Thisis the only energy interval where
we observe the changes in the spectra of PtBi, with temperature.

Data availability

Source data are provided with this paper. Other data are available from
the corresponding authors upon reasonable request.
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Extended DataFig. 6 | Polarizationdependent datasets. ARPES spectra
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polarization ofthe 5.9 eVlaserat3.5K.
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