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Measuring superconducting arcs by angle-resolved photoemission spectroscopy
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Angle-resolved photoemission spectroscopy is the leading tool for studying the symmetry and structure of
the order parameter in superconductors. The recent improvement of the technique made it possible to detect
the superconducting energy gap at the surface of topological t-PtBi, via observation of the record-breaking
narrow line shapes. The promising new physics uncovered requires further investigation of the spectral and gap
functions of t-PtBi,, but the challenging experimental conditions severely limit the application of conventional
ARPES setups. In this work, we use synchrotron-based measurements and show that the gap at the surface Fermi
arc in t-PtBi, can be detected even with more relaxed experimental conditions than in our previous laser-based
studies. At the same time, using simple model of ARPES spectra, we identify the minimum requirements to
detect the gap and consider cases where the gap cannot be resolved.

DOI: 10.1103/5q36-wgl9

I. INTRODUCTION

Research aimed at discovering materials that simulta-
neously host topological and superconducting features has
recently gained enormous attention in solid-state physics
due to their potential to host Majorana fermions, making
them applicable to fault-tolerant quantum computing [1]. The
type-I Weyl semimetal PtBi, is one such promising can-
didate. Unlike many previously proposed systems, where
topological superconductivity must be engineered via het-
erostructures, t-PtBi, has the potential to be an intrinsic
topological superconductor—a system in which these exotic
properties can be realized within a single material.

Our previous ARPES report [2], as well as STM find-
ings [3,4], have shown that in t-PtBiy, a superconducting
gap opens exclusively on the topological surface states—the
Fermi arcs of the Weyl semimetal with a critical temperature
T. = 8 — 14 K. Unlike in PdTe, a similar system where the
Fermi arcs exhibit superconductivity together with the bulk
[5], the bulk of PtBi, remains metallic down to 0.6-1.1 K
[6,7]. This coexistence of a superconducting surface and a
nonsuperconducting bulk presents an experimental challenge,
as only surface sensitive techniques, such as those mentioned
above, can detect the superconductivity. ARPES is particu-
larly powerful in this context, as it allows one to directly
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observe the electronic dispersion and select the specific band,
whether surface or bulk, on which superconductivity is tested.

Steady advances of ARPES apparatus have made it pos-
sible to detect superconducting gaps ranging from approx
30 meV in the cuprates a couple of decades ago down
to nearly two orders of magnitude lower values nowadays
[2,8-13]. The experiment is usually a “state of the art” and
is of course more demanding than simply pressing the button
on a standard device.

Planning the effective experiment to detect the supercon-
ducting energy gap requires a prior knowledge of the details
of the Fermi surface (FS) and underlying dispersion of a given
material. Mainly because of the matrix element effects, the
required portions of the FS or other & space can only be probed
with certain photon energies, polarizations, and geometries. It
also matters how to prepare the atomically clean surface and
how good k, resolution for this termination turns out to be.
Intrinsic line shape, presence of the background, overlapping
features, or possible anisotropy of the gap will certainly influ-
ence the result too.

The ARPES instrumentation poses a number of other se-
rious limitations for those seeking to unravel the mysteries
of superconductivity. The photon beam should deliver a suf-
ficiently high flux in a continuous manner (the continuity of
the source helps to minimize space-charge effects) in a very
small spot at the sample surface. They should have the same
energy and ideally all of the mentioned above not varying in
time. The analyzer should then be able to detect electrons orig-
inating from the same spot with sufficient energy and angular
resolution, preferably in a large solid angle simultaneously.
Finally, the cryomanipulator should keep the sample at a given
temperature and in a certain spatial/angular position free from
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external electric and magnetic fields vacuum. Neglecting any
of the above factors can lead to a failure.

If superconductivity is to be studied by ARPES in Dirac
and Weyl semimetals, such as t-PtBi,, the experimental rou-
tine and requirements become even more complex. This is
because the system contains two distinct electronic subsys-
tems: bulk states, which exhibit pronounced k, dispersion,
and surface states. Each of these can appear very differently
in ARPES spectra, requiring careful experimental design and
interpretation.

Recently, another ARPES study confirmed the presence
of topological Fermi arcs in t-PtBi, using a 7 eV pulsed
laser [14]. However, the authors did not observe any signif-
icant shift in the leading edge under different experimental
conditions. In contrast, we now routinely observe supercon-
ducting gaps on the Fermi arcs using a 6 eV continuous-wave
(CW) laser [2,13]. We initiated the present work to under-
stand which of the factors discussed above are crucial for a
successful experiment. We have collected the data using the
synchrotron radiation to allow for slightly relaxed, in terms
of resolution and bulk contribution, parameters and still were
able to detect the gap of the order of 1-1.2 meV. Using the
model of the superconducting spectral function, we show that
further deterioration of experimental conditions significantly
impedes the observation of the gap.

II. MATERIALS, METHODS,
AND COMPUTATIONAL DETAILS

Trigonal PtBi, single crystals were grown using the self-
flux method. Elemental Bi (Bi pieces, SN, chemPur) and Pt
(Pt granules 1-6 mm, 4N, evochem, Advanced Materials) in a
molar ratio of Pt:Bi = 1:6, were loaded in a preheated alumina
crucible. The loaded crucible together with a sieve and a
catch crucible were sealed under high vacuum in a quartz
ampoule and placed vertically in a box furnace. The ampoule
was then heated to 800 °C over 8 h, held at this temperature
for 36 h and then slowly cooled down to 450 °C with a rate
of 2 °C/h. At this temperature the flux was removed using
a centrifuge and the ampoule was immediately quenched in
iced water. The purity, structure, and morphology of the single
crystals were characterized using x-ray based techniques. Ad-
ditionally, magnetic and magnetoelectric measurements were
performed on the samples. Our results proved to be in good
agreement with previous reports.

ARPES measurements were carried out on the 1> ARPES
endstation at BESSY II synchrotron (Helmholtz-Zentrum
Berlin) [15]. Samples were cleaved in situ with pressure better
than 1-107'" mbar. Experimental data was obtained using
horizontally polarized synchrotron light in range from 20 to
13 eV using the Scienta Omicron DA30 electron analyzer.
Angular resolution was set to 0.2-0.5° and energy resolution
to 2—4 meV.

III. RESULTS AND DISCUSSION

When attempting to observe the opening of a
superconducting gap in ARPES with access to different
photon energies, one usually chooses the lowest possible

energy to achieve the best resolution. However, selecting the
optimal photon energy for observing superconductivity in
the surface states of t-PtBi, is not straightforward due to the
limited k, resolution in ARPES. Although the Fermi arcs
are intrinsically surface states and do not vary with photon
energy (aside from possible matrix element contributions), the
three-dimensional nature of the bulk features, among other
factors, can still influence the accuracy of superconducting
gap measurements on the Fermi arcs. Theoretical calculations
[6,16] have shown that the Fermi surface of t-PtBi,
completely vanishes near the I'-M-K plane, while near the A
point k, dispersion is rather weak, which is also observed in
ARPES measurements.

Figures 1(b) and 1(c) display Fermi surface maps measured
using 20 and 17 eV photons, respectively, revealing sharp and
prominent features from surface and bulk. Improved crystal
quality allowed us to resolve the detailed dispersion of the
Fermi arcs [see zoom-in in Fig. 1(k)], which is in good agree-
ment with theoretical calculations in Fig. 1(a). Meanwhile, the
Fermi surface map measured at 13 eV, shown in Fig. 1(d),
appears smeared, exhibiting broadened bulk features whose
spectral intensity overlaps with the k,-momentum indepen-
dent Fermi arcs. This is consistent with the fact that 13 eV
photons probe the electronic structure near the I" point while
17 and 20 eV close to the A point along the k, direction,
as shown in the Fig. 1(m). Due to the finite k, resolution of
the ARPES method and strong three-dimensionality in this
region, the bulk band structure around the I point appears
smeared, lacking any sharp, well-defined features.

Figures 1(e)-1(j) present the dispersion of the Fermi arcs
measured at 17 eV and 13 eV, respectively. Spectra measured
at 17 eV clearly show that arc intersect the Fermi level only in
point forming an open contour. At 13 eV, the intensity of the
broad bulk states is comparable to that of the arc, whereas
at 17 eV the arc is more clearly separated from the bulk.
EDC:s taken at the Fermi momentum kr [see Fig. 1(1)] show a
bulk-to-arc peak intensity ratio of approximately 1:1 at 13 eV.
In contrast, at 17 eV this ratio is significantly reduced thus
providing a more favorable condition for superconducting
measurements, where signal-to-background ratio are critical.
For this reason, all subsequent temperature-dependent mea-
surements were performed using 17 eV photons.

There are several ways to detect the opening of a super-
conducting gap in ARPES. These include tracking the shift
of the leading edge or the peak position of the kp-EDC as
a function of temperature, directly observing the Bogoliubov
quasiparticle dispersion, and using symmetrization. While the
latter two methods provide only qualitative results, the former
also yields quantitative information. This is true, of course,
provided that the light source produces a sharp and stable
frequency over the timescale of the experiment. Synchrotron
radiation or the continuous-wave (CW) laser [17] used in our
previous PtBi, report [2] are examples of such light sources.

In Fig. 2, we present temperature-dependent ARPES
measurements aimed at observing the opening of the su-
perconducting gap. Figures 2(a) and 2(b) show the ARPES
spectra measured at 1.5 K and 15 K, respectively. The mea-
surement direction is the same as in Fig. 1(g). Arrows indicate
the positions of the bulk and arc EDCs, which are shown in
Figs. 2(g) and 2(h). The spectra were recorded over multiple
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FIG. 1. Fermi surface maps and energy-momentum intensity distributions for different photon energies measured at 1.5 K. (a) Theoretical
calculation of projected Fermi surface with Fermi arcs. Figure adopted from [2]. (b)-(d) Fermi surface maps measured at 20, 17, and 13 eV
photons, respectively. (e)—(h) Energy-momentum intensity distributions in vicinity to the Fermi arc measured at 17 eV. (i), (j) Same for the
13 eV. Direction of the measurement is shown by the red and orange arrows in (d). (k) Zoomed-in patches of the Fermi surface in (c) showing
Fermi arc. (1) kz-EDC from 17 and 13 eV. (m) k, to photon energy correspondence for the momentum location of the Fermi arc.

cycles, three times at both low and high temperatures, to
eliminate the possibility of experimental error.

As expected, the bulk state EDCs do not exhibit super-
conducting behavior: the leading-edge shift Ay g is less than
0.1 meV, and the spectral shape resembles a Fermi function. In
contrast, Fermi arc’s kp-EDCs show clearly Apgg ~ 1 meV.
In the first temperature cycle, a coherence peak, characteris-
tic of superconductivity, is also observed, though it becomes
weaker in subsequent cycles—possibly due to contamination
of the sample surface. In these images, bulk and arc EDCs are
normalized on the background.

In Fig. 2(j), we track the positions of the leading edge
and the coherence peak extracted from the spectra shown in
zoomed-in areas in Figs. 2(c) and 2(d). The data demonstrate
that even under relaxed experimental conditions, it is still
possible to observe signatures of the Bogoliubov-de Gennes
dispersion, although less distinctly than with the CW laser
source in our previous work. Thus, we unambiguously demon-
strate the opening of the superconducting gap on the Fermi
arc, while the bulk EDCs show no shift of the leading edge.

It is important to note that the leading-edge shift does not
directly reflect the size of the superconducting gap. Instead,
it is a complex quantity influenced by various factors, in-
cluding temperature, self-energy effects, energy resolution,
background signal, and other factors. To estimate the real

size of the superconducting gap, we constructed a model
of the ARPES spectral function. We assumed a BCS-type
superconductivity and Fermi-liquid self-energy. The model
parameters were chosen to reproduce the experimental kp-
EDCs, as shown in Figs. 3(j) and 3(k). See the Supplemental
Material at [18] for detailed description of the used model.

Figures 2(e), 2(f) and 2(i) show the modeled ARPES
spectra as well as kp-EDCs for high and low temperatures.
Even though the superconducting gap in the model was set
to 1.2 meV, the detected Argg is only 1 meV, as in the
experiment above, showing the impact of limited resolution
and background signal on the leading edge shift.

To explore the influence of resolution and background
signal on superconducting gap measurements in more de-
tail, we modeled three different cases, shown in the three
columns of Fig. 3. The spectral function after multiply-
ing by the Fermi-Dirac distribution was convoluted with
a two-dimensional Gaussian function with different width
values o, corresponding to different experimental energy
resolutions.

The first case corresponds to a stable 6 eV CW-laser source
[2,17]. At this photon energy (and therefore k;), as seen
from the experiment, there is almost no bulk contribution
and a high signal-to-noise ratio. The second case represents a
more relaxed setting in terms of resolution and includes some
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FIG. 2. Temperature cycling between 1.5 K and 15 K. (a), (b) Energy-momentum intensity plot at 1.5 and 15 K measured with 17 eV
photons. Direction of the measurements corresponds to 1(g). (c), (d) Zoomed in picture of the Fermi arc at 1.5 and 15 K. (e), (f) Model at 1.5
and 15 K. (g) EDCs taken from the bulk feature in temperature cycling. (h) kr-EDCs of the arc from temperature cycling. (i) kr-EDCs from
the model. (j) Leading edge (LE), and peak position of the Fermi arc.
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FIG. 3. Model of the opening of superconducting gap (A = 1.2 meV) for various resolutions and signal/background ratios. (a), (b) Model
for 1.5 and 15 K for laserlike spectra quality. (c), (d) Same, for synchrotronlike quality spectra. (e), (f) Model with the parameters, where gap
is already not observable. (g)—(i) kr-EDCs normalized on peak maximum for corresponding models above. (j) Comparison of model above
with the experimental EDC measured with 6.0 eV laser at 3 K. (k) Same, but with synchrotron spectra measured at 17 eV and 1.5 K.

background, to make it similar to the synchrotron ARPES
experiment in this paper. The third column illustrates an even
worse overall resolution, which is expected when using pulsed
laser sources with space charge effects, discharge unfocused
lamps, etc. This high background-to-signal ratio of 1:1 mimics
a “bad” photon energy, where the bulk states overlap with the
arc. This situation corresponds to a region closer to the I" point

in terms of k,, as shown, for example, in our 13 eV photons
measurements in Figs. 1(d) and 1(1).

In the bottom row of Figs. 3(j) and 3(k), we demonstrate
the quality of our model by comparing its kr-EDCs with
experimental kp-EDCs under the corresponding conditions.
The signal-to-background ratio and resolution were adjusted
to match those observed experimentally.
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As expected, even though the gap value in the model is
fixed at A = 1.2 meV across all three cases, the resulting
Argg and peak positions differ significantly. In the best-
resolution case, the Argg = 1.25 meV closely matches the
input gap value. Minor discrepancies arise due to the tempera-
ture dependence of the Fermi-liquid self-energy. The ARPES
spectra shows a clear Bogoliubov quasiparticle dispersion.

Under more relaxed conditions, similar to those measured
in this report, Argg becomes significantly smaller than the
actual gap. The peak shift, which was observable under bet-
ter conditions, becomes nearly undetectable. The Bogoliubov
quasiparticle dispersion is weak but can still be extracted
through fitting procedures.

Finally, in the worst-case scenario, with more moderate
resolution and a nearly 1:1 background-to-signal ratio, neither
the peak shift nor the leading-edge shift is visible, and no trace
of Bogoliubov quasiparticle dispersion can be observed.

In conclusion, we performed synchrotron-based ARPES
measurements on t-PtBi,. Owing to improved sample qual-
ity, we were able to resolve the arc dispersion even at more
moderate synchrotron resolutions and found good agree-
ment with theoretical predictions. Photon energy-dependent
measurements revealed that, due to strong k, dispersion,
the choice of photon energy is crucial for successfully
detecting the superconducting gap. Temperature-dependent
measurements at 17 eV photons showed a superconducting
gap opening, with typical for superconductivity coherence
peak and Apgg ~ 1 meV. Fitting the ARPES spectra also
showed existence of back bending of the arc dispersion.
Lastly, we make a model of superconducting ARPES spec-
tral function, at various resolutions and signal-to-noise ratios.
Although this is only a simple model that uses a simple
Fermi-liquid self-energy and assumes BCS-like supercon-
ducting dispersion, which is likely not accurate for such an
unconventional 2D system, it still provides useful insight.

The model highlights the importance of selecting the cor-
rect photon energy and achieving good overall resolution.
If these conditions are not met, strong contributions from
nonsuperconducting bulk bands can easily obscure the surface
superconducting gap.

Finally, we want to mention that the correct choice of
momentum position on the Fermi arc is crucial for detecting
superconductivity. In particular, our recent results [13], which
are consistent with a recent STM study [19], indicate that
the superconducting gap in t-PtBi, is anisotropic, with nodes
where the gap amplitude vanishes. Therefore, if energy distri-
bution curves are taken at nodal positions or close to them, the
superconducting gap will be smaller or not detectable.
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