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The interplay of nontrivial topology and superconductivity in condensed matter physics
gives rise to exotic phenomena. However, materials are extremely rare where it is possible to
explore the full details of the superconducting pairing. Here, we investigate the momentum
dependence of the superconducting gap distribution in a novel Dirac material PdTe. Using
high resolution, low temperature photoemission spectroscopy, we establish it as a spin-orbit
coupled Dirac semimetal with the topological Fermi arc crossing the Fermi level on the (010)
surface. This spin-textured surface state exhibits a fully gapped superconducting Cooper
pairing structure below T, ~ 4.5 K. Moreover, we find a node in the bulk near the Brillouin
zone boundary, away from the topological Fermi arc. These observations not only
demonstrate the band resolved electronic correlation between topological Fermi arc states
and the way it induces Cooper pairing in PdTe, but also provide a rare case where surface
and bulk states host a coexistence of nodeless and nodal gap structures enforced by spin-
orbit coupling.

Superconducting topological materials are emerging as the new frontier of condensed matter
physics. Despite increasing interest in this field, few candidates have been identified because it is
very challenging to confirm topological superconductivity experimentally [1-22]. While the
topological surface states of three-dimensional (3D) topological insulators (TIs) can host
topological superconductivity below the critical temperature (T.), spin-momentum locked Fermi
arcs in 3D Dirac semimetals could also induce topological superconductivity. Such a
superconducting pairing between Fermi arcs with opposite spins and momenta has been proposed
to reveal the nonlocal electronic correlations in topological semimetals [16]. However, the
superconducting state of Fermi arcs has rarely been explored experimentally. Therefore,
understanding the Cooper pairings of the Fermi arc states offers a new perspective for topological
superconductors (TSCs) [23-27]. Moreover, recent theoretical work predicts the existence of nodes
from the bulk bands in superconducting semimetals [28-30]. Thus, in superconducting semimetals
that are also topological, surface Fermi arcs and nodal gap distribution of the bulk states can coexist,
which in turn provide insight into the mechanism of unconventional and topological
superconductivity.

Angle-resolved photoemission spectroscopy (ARPES) is arguably the most powerful technique for
probing the superconducting gap distribution in the momentum space. Here, we use ARPES to
demonstrate spin-orbit coupling (SOC) enforced surface-nodeless plus bulk-nodal pairings in a
topological material PdTe. We first establish it as a 3D Dirac semimetal with a bulk Dirac point
just below the Fermi level in its normal state with Fermi arc surface states on the (010) surface.
Furthermore, our spin-resolved photoemission measurements indicate a polarized spin texture of
these surface states in PdTe. Using high resolution ARPES, we observe a fully gapped Fermi arc
below T, thus could potentially give rise to topological superconductivity. Moreover, we discover
a node in the bulk bands near the Brillouin zone boundary below T.. Therefore, PdTe displays a
nodal gap in the bulk but nodeless gap distribution from the nontrivial surface states. Our study
demonstrates a rare and exotic unconventional superconductor to study the interplay between
nontrivial topology and superconductivity.

PdTe crystalizes in the NiAs type hexagonal structure with space group P6;/mmc [Fig. 1(a)]. Fig.
1(b) displays the Brillouin zone (BZ) where high symmetry points are indicated. For ARPES study,



we focus on the (010) surface [ky-k, surface in Fig. 1(b)]. Millimeter-sized PdTe single crystals
were successfully synthesized. Powder X-ray diffraction (XRD) patterns [Fig. S1(a)] confirm that
the sample has only a single phase with the hexagonal P65 /mmc (194) structure [31]. The XRD
pattern from the largest surface of a single crystal shows only (00n) peaks without any impurity
peak, indicating the (001) direction [Fig. S1(b)]. The high quality of our single crystals is further
confirmed by core level photoemission measurements with clear Pd d core levels [Fig. S1(c)].
Moreover, we identify a sharp superconducting transition in the electrical resistivity of PdTe with
the critical temperature T. ~ 4.5 K [Fig. 1(c)], in agreement with previous reports [32, 33].

Like the well-established Dirac semimetal Na3Bi [34], there is a type I bulk band crossing near
the Fermi level along the I'-A direction [Fig. 1(d)] in PdTe. Given the threefold rotational
symmetry around the ¢ axis [Fig. 1(b)], this band crossing remains gapless when spin-orbit
coupling is included [34]. Since the two bulk Dirac crossings along the I'-A and A-I" will project
onto the same position on the (001) surface in momentum space, it is impossible to experimentally
observe the Fermi arc states on this surface. However, on the (010) surface, the two Dirac crossings
are well separated in momentum, and the double Fermi arc surface states connecting the bulk Dirac
points can be observed. Therefore, here, we focus on the (010) surface [Fig. 1(e)]. Indeed, the bulk
band constant energy contour at the energy of the Dirac point [Fig. S2] clearly demonstrates the
location of the Dirac crossings on (010). To help understand the connection of the surface Fermi
arc states with the Dirac point, we calculate the surface spectrum of a semi-infinite Green’s
function projected on the (010), which displays the bulk Dirac cone as well as the Fermi arc surface
states connecting to the Dirac crossing [Fig. 1(f)]. The connection of the surface Fermi arcs to the
bulk Dirac points confirms PdTe as a Dirac semimetal.

Having identified the expected topology of PdTe, we systematically study its electronic structure
and spin polarization at the (010) surface in its normal state. We demonstrate the topological Dirac
fermion along the I'-A direction and the corresponding Fermi arc states associated with the Dirac
point. Fig. 2(a) shows the experimentally measured constant energy contour of PdTe at 100 meV
binding energy corresponding to the binding energy of the Dirac point. The constant energy
contour displays two bulk Dirac points and two Fermi arcs connecting the two Dirac points in the
Brillouin zone (BZ). This is consistent with DFT calculations [Fig. 2(b)]. Overall, our ARPES data
agree well with theoretical calculations [Fig. S3]. To better demonstrate the topology, we show
the energy dispersion along the ky direction in cut 1 [Fig. 2(c)]. Several dispersive bands cross the
Fermi level in Fig. 2(c)i. A comparison between (ii) and (ii1) suggests that the inner dispersive
band is a surface state. As shown in Fig. 2(a), cut 1 should pass through the Fermi arc states.
Therefore, we conclude that the inner band is the Fermi arc surface state. Photon energy dependent
ARPES data also verify the surface nature of this Fermi arc state [Fig. S4]. For further confirmation,
we focus on cut 2 [Fig. 2(d)]. Since cut 2 passes through the bulk Dirac point as well as Fermi arc
states, it can display the bulk-boundary correspondence. Indeed, (ii) and (iii) indicate the Dirac
crossing below the Fermi level is a bulk state. Moreover, the bands emerging from the Dirac states
have a surface origin, as they only appear in surface calculations. Our ARPES data in Fig. 2(d)i
clearly show the surface states from the Dirac point. To observe the bulk Dirac crossing, we choose
another direction, cut 3. Here, we can see the type I Dirac point through our data [Fig. 2(e)i], which

we confirm the bulk Dirac nodes and the connecting Fermi arc surface states in PdTe. Apart from



the Fermi arc surface states, there are also many topologically nontrivial surface states near the
Fermi level [Fig. S5].

Next, we perform spin-resolved photoemission measurements to probe the spin polarization of the
Fermi arc surface states. We measure two energy distribution curves (EDCs) indicated in Fig. 3(a).
Since the two EDCs cut through the Fermi arc at the opposite side of I', they are expected to show
reversed in-plane spin polarizations (along the k, direction). The spin-resolved EDCs and spin
polarization curves [Figs. 3(b-c)] indeed display reversed spin polarizations, which confirm that
the Fermi arc surface states are spin polarized in PdTe. The Fermi arcs might mix with bulk states,
thus reducing the value of the experimentally measured spin polarization. As a comparison, the
other two spin components along the ky and ky directions show negligible spin polarizations [Fig.
Se].

To precisely determine the fermiology of the Fermi arcs across the transition temperature, we
utilize low-temperature, high-resolution laser ARPES [35]. Our experimental data clearly reveal
the curved Fermi arc surface state around the center of the BZ, in excellent agreement with
theoretical calculations, as shown in Fig. 4(a). The shape of the Fermi arc states is slightly different
from vacuum ultraviolet (VUV) ARPES results in Fig. 2 since laser ARPES measures a distinct
surface termination [Fig. S7], but the nontrivial topology remains the same for both terminations
[Fig. S8]. Having established the fermiology with laser ARPES, we show the superconducting gap
in the momentum space for both the Fermi arc surface states and the bulk bands in PdTe. The
positions of the correspondingly extracted EDCs are defined by an angle @ in Fig. 4(a). For all the
angles, the EDCs with the base temperature at around 2K show a small yet finite leading-edge shift
compared to EDCs above the transition temperature [Fig. S9]. This finite edge shift across
T, suggests a vanishing density of states at the Fermi level and thus displays the signature of a
superconducting gap opening for both bulk and surface bands. For a better visualization, we
symmetrize these EDCs with respect to the Fermi level in Figs. 4(b-c), and they all display a clear
gap opening. Therefore, our low-temperature data visualize the formation of Cooper pairs inside a
superconducting Fermi arc state in PdTe. This fully gapped Fermi arc may possibly lead to a
topological superconducting phase in this 3D Dirac semimetal like the topological surface states
in some iron-based superconductors do [5, 7]. Further theoretical works should address whether
topological edge states can form in the potentially topological superconducting state in PdTe.

More intriguingly, despite the fully gapped bulk bands near the Fermi arc [Fig. 4(c)], we find that
the bulk states near Z have a node in the superconducting state by exploring the bands close to the
Brillouin zone boundary, away from the Fermi arc [Fig. 4(d)]. As shown in Fig. 4(e), the
corresponding EDC displays no leading-edge shift across the critical temperature. Additionally,
the symmetrized EDCs don’t show any indication of a valley structure [Fig. 4(f)]. In other words,
in contrast with the clear superconducting gap structures in Figs. 4(b-c), there is no sign of
conventional superconductivity such as coherence peaks or a dip at the Fermi level in Fig. 4(f).
Therefore, our measurements have uncovered a gapless node in the bulk bands, below the critical
temperature.

Our results highlight a novel platform to study the interplay between superconductivity and

topology. The spin-resolved ARPES data clearly demonstrate the spin-momentum locking of the
Fermi arcs, which are fully gapped below T. as revealed by laser ARPES measurements.
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Furthermore, the bulk bands have a node below T.. So far, there are just a few photoemission
studies on superconducting Dirac semimetal and none of them probes the superconducting Fermi
arc states below T, [18-22]. Challenges are due to either the Dirac crossing far below the Fermi
level [19, 21] or difficulty in measuring the side surface such as the (010) surface to directly
observe the Fermi arc states by ARPES. Therefore, it is essential to search for an ideal 3D Dirac
material system that (i) contains Dirac points near the Fermi level, (ii) has an accessible T, and (iii)
can be cleaved for measuring superconducting Fermi arc states. PdTe is such a candidate satisfying
all the above requirements. Moreover, it provides a rare case to study not only superconducting
surface states already hard to access in other materials, but also is an uncommon demonstration of
a gapless bulk node in a superconducting Dirac semimetal. The existence of a bulk node suggests
the possibility of unconventional superconductivity in PdTe, thus distinguishing it from related
superconducting semimetals like PdTe, [19, 20]. Our calculations suggest that this node is from
the spin-orbital texture of the bulk Dirac crossing indicated in Fig. S10. Even with SOC, this bulk
Dirac cone is gapless and protects the node near Z. Our tight-binding calculations further confirm
that the location of the nodal point should be close to the projection of this bulk Dirac cone in the
momentum space [Fig. S11], consistent with experimental data. Thus, we demonstrate a SOC
enforced bulk-nodal gap structure in PdTe along with a fully gapped Fermi arc surface state.
Recent works [29, 30] suggest that for nodal bulk pairing in Dirac semimetal with C4 rotational
symmetry, high order or Majorana hinge modes can exist. It will be very interesting to observe
these high order hinge modes experimentally. Similar states could also appear in PdTe with Cs
rotational symmetry, even though details may be different. Further theoretical and experimental
studies are needed to verify the existence of potential high order hinge modes, thus leading to a
better understanding of the complex intertwining of topology and superconductivity in PdTe.
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FIG. 1. Superconductivity and crystal structure of PdTe. (a) The crystal structure of PdTe. Blue is
Pd atom and cyan is Te atom. (b) Bulk and surface Brillouin zones of PdTe. High symmetry points
are marked. (c) Temperature-dependence zero-field electrical resistivity of PdTe at low
temperature between 2 and 10 K. The dashed line is a guide for the eye. (d) Calculated bulk
electronic structure of PdTe with spin-orbit coupling included. The bulk Dirac crossing is marked
by the circle. The Fermi level is adjusted according to the experimental data. (e) Side surface
scanning transmission electron microscope (STEM) image of PdTe. The unit cell is superimposed
on top of the STEM image. (f) Semi-infinite Green’s function surface calculations along the high
symmetry directions on the (010) Pd-terminated surface.




FIG. 2. Dirac crossing and Fermi arc state in PdTe above T.. (a) ARPES constant energy contour
at binding energy of 100 meV corresponding to the Dirac crossing on the Te-terminated (010)
surface. Red dotted lines indicate ARPES dispersion cuts 1-3 in (c-e). Purple dots represent the
projection of the Dirac cone and the yellow dotted lines connecting these dots are Fermi arc surface
states. (b) Calculated constant energy contour of (a). (c) ARPES dispersion map (i) along cut 1 in
(a). Black arrow is the Fermi arc state. Corresponding semi-infinite Green’s function surface
calculations including (ii) and excluding (iii) surface states contributions. (d) ARPES dispersion

Dirac crossing.
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FIG. 3. Spin polarization of the Fermi arc state above T.. (a) ARPES dispersion map of the Fermi
arc state (same position as cut 1 in Fig. 2(a)). The yellow dotted lines represent the two momenta
selected for spin-resolved photoemission measurements. (b-c) Spin-resolved intensity and
polarization along the in-plane direction (k, direction) for k1 and k2.
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FIG. 4. Fully gapped surface states and gapless bulk node in the superconducting state of PdTe.
(a) Comparison between laser ARPES Fermi surface map (right) and slab calculation (left) for the
Pd termination in PdTe. Several points marked by red dots (red stars) along the Fermi arc (on the
bulk states) are selected for superconducting gap measurements. @ defines the angles used in (b-
¢). (b-c) Symmetrized energy distribution curves (EDCs) corresponding to the red dots and stars
in (a) below and above the critical temperature. The specific momentum locations of EDCs are
marked by the Fermi surface angles defined in (a). All symmetrized EDCs reveal the opening of
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the superconducting gap below the critical temperature. Solid black lines represent fits to the
Dynes’ function. Experimental Fermi level position is determined by measuring a gold reference.
(d) VUV ARPES Fermi surface map on the (010) surface. Laser ARPES Fermi surface map with
much smaller momentum range is embedded on the VUV ARPES result. High symmetry points
are marked in red. The location of the gapless node is indicated by the red square. (¢) Temperature
dependence of the EDC corresponding to the red square marked in (d) showing a node in the bulk
band structure below the critical temperature. (f) Symmetrized EDCs in (e) indicating the existence
of a nodal point.
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