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Fermiology and Superconductivity of Topological Surface States in PdTe,
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We study the low-energy surface electronic structure of the transition-metal dichalcogenide super-
conductor PdTe, by spin- and angle-resolved photoemission, scanning tunneling microscopy, and density-
functional theory-based supercell calculations. Comparing PdTe, with its sister compound PtSe,, we
demonstrate how enhanced interlayer hopping in the Te-based material drives a band inversion within the
antibonding p-orbital manifold well above the Fermi level. We show how this mediates spin-polarized
topological surface states which form rich multivalley Fermi surfaces with complex spin textures. Scanning
tunneling spectroscopy reveals type-1I superconductivity at the surface, and moreover shows no evidence
for an unconventional component of its superconducting order parameter, despite the presence of

topological surface states.

DOI: 10.1103/PhysRevLett.120.156401

There has long been interest in systems where spin-
polarized electronic states coexist with superconductivity
[1-6]. This is thought as a promising route to generating
a spin-triplet component of the superconducting order
parameter, and to realize topological superconductors
which host Majorana zero modes at their boundaries or
in vortex cores [4,6]. Such conditions are proposed to be
realized if superconductivity can be induced in the spin-
momentum locked surface states of materials hosting
nontrivial bulk band topology. There have been extensive
efforts to achieve proximity-coupled superconductivity in
topological surface states by interfacing with conventional
superconductors [7—11] as well as to induce superconduc-
tivity by extrinsic doping of bulk topological insulators
[12—14]. The latter approach, however, often suffers from
the difficulty of achieving high superconducting volume
fractions [12,15], motivating the search for materials which
host topologically nontrivial states and are simultaneously
robust superconductors.

In this Letter, we demonstrate that pristine PdTe,, an
intrinsic bulk superconductor (7', = 1.7 K) [16—18], hosts
topological surface states which intersect the Fermi level.
We demonstrate, from spin- and angle-resolved photoemis-
sion spectroscopy (spin-ARPES) and density-functional
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theory (DFT), that these form complex multipocket
Fermi surfaces with intricate spin textures. Nonetheless,
tunneling measurements into the surface layer from scan-
ning tunneling microscopy and spectroscopy (STM/STS)
indicate the superconductivity at the surface is of a conven-
tional s-wave form consistent with Bardeen-Cooper-
Schrieffer (BCS) theory.

Single-crystal PdTe, and PtSe, samples (space group:
P3m1) were cleaved in situ at temperatures of ~10 K.
Spin-resolved ARPES measurements were performed at
the APE beam line of Elettra Sincrotrone Trieste using a
Scienta DA30 analyzer fitted with very low energy electron
diffraction (VLEED) based spin polarimeters [19]. Spin-
integrated measurements were performed at the 105 beam
line of Diamond Light Source using a Scienta R4000
hemispherical analyzer [20]. p-polarized light and a meas-
urement temperature of 5—-15 K was used throughout. STM
measurements were performed using a home-built system
operating in cryogenic vacuum [21,22]. Measurements
were performed in a magnetic field up to 1 T, and the
sample temperature was held constant at ~40 mK (super-
conducting state) or 8 K (normal state). STM tips were cut
from a platinum-iridium wire. Bias voltages were applied to
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the sample with the tip at virtual ground. Differential
conductance spectra were recorded through a standard
lock-in technique with frequency f = 437 Hz. A super-
conducting tip was obtained by collecting a small piece of
the sample at its apex. Fully relativistic DFT calculations
were performed using the Perdew-Burke-Ernzerhof
exchange-correlation functional as implemented in the
WIEN2K program [23], using a 20 x 20 x 20 k mesh. To
calculate the surface electronic structure, tight binding
supercells containing 100 formula units of PdTe, or
PtSe, stacked along the crystalline c¢ direction were
constructed from the bulk DFT calculations using max-
imally localized Wannier functions with chalcogen p
orbitals and transition-metal d orbitals as the projection
centres [24-26].

The electronic structure of PdTe,, as well as its sister
compound PtSe,, are summarized in Fig. 1. While the Pd/Pt
d states retain a fully filled configuration, and are thus
located well below the Fermi level [27], a conducting state
is obtained due to an energetic overlap of predominantly
Te/Se-derived bonding and antibonding states [28]. In
PdTe,, this leads to a complex multiband Fermi surface
[Fig. 1(a)]. Strong interlayer interactions for the chalcogen-
derived states render this Fermi surface three dimensional,
despite the layered nature of this compound. Many of the
observed spectral features are therefore diffuse in our
measured Fermi surface from ARPES, reflecting the

inherent surface sensitivity, and thus poor k, resolution,
of photoemission. Similarly broad features, including a
recently identified type-II bulk Dirac cone [29,30] centered
at £ — Ep = —0.65 eV, can also be seen in our measured
dispersions [Fig. 1(b)] as well as in our supercell calcu-
lations where bulk bands at different &, values are projected
onto the surface plane [Fig. 1(c)].

A number of much sharper features are also observed.
A Dirac cone situated ~1.75 eV below the Fermi level is
clearly evident in our ARPES. This has recently been
identified as a topological surface state in PdTe, and related
compounds [29,31-34]. This arises from a band inversion
that occurs within the Te p-orbital manifold, and is induced
by a naturally disparate out-of-plane dispersion of p, and
Px/y-derived bands along k. [Fig. 1(d)] [29]. This same
mechanism drives the formation of both the type-II bulk
Dirac cone and a further topological surface state located
~1 eV below E that is visible in our supercell calculations
presented here [Fig. 1(c)] and is clearly resolved exper-
imentally in Ref. [29]. These topological states, however,
are too far below the Fermi level to play any role in the
superconductivity of this system. On the other hand,
our measurements [Fig. 1(b), see inset] and calculations
[Fig. 1(c)] reveal an additional pair of sharp spectral features
which intersect the Fermi level approximately midway
along the I" — M direction. These have negligible dispersion
in the out-of-plane direction (Supplemental Material,
Fig. S1 [35]), and we thus assign them as surface states.
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FIG. 1. (a) ARPES Fermi surface of PdTe, (Er =5 meV; hv = 107 eV; p-pol, probing close to an A plane along k). (b) In-plane

dispersion along the I — M direction [hv = 24 eV, probing a similar k, value as in (a)]. (c) Corresponding supercell calculations of the
dispersion over an extended energy range, projected onto the top two unit cells of PdTe,. (d) Out-of-plane bulk band dispersions along
the I" — A direction of the Brillouin zone from DFT calculations, projected onto the chalcogen p, , (red) and p, (cyan) orbitals. (e)—(h)
Equivalent measurements and calculations for PtSe, (ARPES measurements: hv = 107 eV; p-pol). Topological surface states (TSS),
bulk Dirac points (BDP), and inverted band gaps (IBG) are labeled.
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Their origin is evident from the calculated bulk
band structure shown along the out-of-plane direction in
Fig. 1(d). In PdTe,, the interlayer hopping between p,
orbitals in neighboring layers is sufficiently high that the
p.-derived band crosses through both the bonding and
antibonding p,/,-derived bands [lower and upper pair,
respectively, of the red colored bands in Fig. 1(d)] as they
disperse along the k, direction. A protected bulk Dirac
point and an inverted band gap with nontrivial Z, topo-
logical order are therefore generated above the Fermi level.
The inverted band gap above Er should give rise to a
topological surface state. While this band inversion is
~1 eV above the Fermi level along I" — A, the in-plane
bandwidths are large, and the relevant band inversion can
be traced to the bulk states in the vicinity of the Fermi level
at the time-reversal invariant M point. Here, the pair
exchange arising from the bulk boundary correspondence
of topological surface states [36,37] enforces that the
dispersion of the topological surface states are pulled
down towards the Fermi level. Experimentally, we find
that both the “upper” (labeled a) and “lower” (labeled /)
branch of the topological state cross Ey [Fig. 1(b, inset)],
although the occupied bandwidth of the a band along this
direction is small (720 meV).

To validate the above picture, we compare PdTe, with its
sister compound PtSe,. The occupied electronic structure is
similar to PdTe,, hosting a type-II bulk Dirac cone and a
pair of topological surface states below Er [Figs. 1(f),
1(h)]. These arise from the crossing of the Se p,-derived
band with the bonding Se p,/, bands [Fig. 1(e)] [29,32].
The bandwidth of the Se p,-derived band is, however, much
smaller than that of the Te-derived one owing to the higher
electronegativity of Se than Te. This leads to a stronger
metal-chalcogen bond, and therefore weaker interlayer
hopping in PtSe,. Crucially, although a semimetallic ground
state still occurs [Fig. 1(g)], the upper and lower branches of
Se-derived states remain completely separable in PtSe,. The
band inversions above Ef, and resulting topological surface
state crossing the Fermi level, that occur for PdTe, are
therefore absent in this compound [Figs. 1(e)—1(h)].

Figure 2 shows the Fermi surfaces formed by the
topological states which intersect the Fermi level in the
Te-based material. The a band forms a small nearly circular
electron pocket, located approximately midway along
['— M. This electron pocket rapidly shrinks and then
vanishes in constant energy slices taken below the Fermi
level [Fig. 2(b)], reflecting the narrow occupied bandwidth
of this band along I' — M. However, this is only a local
minimum of the surface state dispersion located within a
narrow projected bulk band gap along this direction [see
Figs. 2(e), 2(f); further cuts are shown in Supplemental
Fig. S2 [35]]. The band disperses upwards above the Fermi
level along the direction perpendicular to T'— M before
turning over again to form the intense rim of spectral weight
that borders the three-dimensional bulk bands that are
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FIG. 2. (a) Three-component spin-resolved ARPES Fermi sur-

face measured (hv = 24 eV) over the range shown in (b). Here
(S,) and (S,) are perpendicular to and along the T — M direction,
respectively. (S.) is the out-of-plane spin component. (b) Near-E
constant energy contours measured from spin-integrated ARPES
(hv = 24 eV) over the portion of the surface Brillouin zone where
the topological states reside. (c) Schematic representation of the
global Fermi surface spin texture throughout the surface Brillouin
zone that is deduced from our measurements. (d) The in-plane spin
texture (arrows) determined directly from the spin-resolved
measurements and shown atop the measured spin-integrated Fermi
surface segment. (¢) ARPES-measured dispersion (hv = 24 eV)
and (f) corresponding supercell calculation, cutting through the
TSS Fermi surfaces along the dashed line indicated in (b).
k,-dependent bulk band calculations are overlaid in (e) and visible
as diffuse spectral weight in (f), demonstrating how small
projected band gaps control the dispersion of the TSS (see also
Supplemental Material, Fig. S2 [35]).

evident as diffuse filled-in spectral weight spanning out
away from the T'— M line in Fig. 2(b). With increasing
momentum away from this line, these surface states become
degenerate with the bulk bands, and ultimately lose all
spectral weight. They thus appear to form open-ended
arclike features. We stress that these are not Fermi arcs of
the form discussed extensively as spanning surface projec-
tions of bulk Dirac and Weyl points [38—46]. Instead, they
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reflect the small projected bulk band gaps here [Fig. 2(b) and
Supplemental Fig. S2 [35]], with the surface states merging
into the bulk continuum as they disperse away from the high-
symmetry line. As these surface features derive from the
same state as the a pocket, we label them o' in Fig. 2.

The small projected band gaps of the bulk spectrum thus
lead to only small momentum space regions centered along
the I' — M directions in which the surface states are well
defined. This results in a rich multivalley Fermi surface
[Fig. 1(a)], far removed from the generic isolated near-
circular Fermi surfaces of topological surface states in, e.g.,
Bi,Se; class topological insulators. Nonetheless, we show
in Fig. 2 that the Fermi surfaces observed here still maintain
a spin texture reminiscent of the simple chirality of a
conventional topological surface state.

Our spin-ARPES measurements reveal that the surface
states host a strong spin polarization (>70% from fits to
energy distribution curves (EDCs); Supplemental Fig. S3
[35]). Along I'— M, the chiral (S,) (perpendicular to
I — M) spin component is dominant [Fig. 2(a)], consistent
with the underlying trigonal symmetry of the crystal
surface. The a and f bands have opposite spin polarization,
supporting their assignment as the two branches of a
topological surface state. Both Fermi crossings of the «
band along T — M have the same sign of (S,). The spin,
therefore, does not wind around the closed circular a-band
Fermi surface. Instead, it develops a finite (S,) (parallel to
I' — M) component of opposite sign on the two sides of the
high-symmetry I — M line, canting the spin towards the
Brillouin zone boundary in the in-plane direction.
Similarly, the two o« bands have the same sign of (S,)
but opposite sign of (S,), as shown extracted from
our experimental spin-polarized Fermi surface maps in
Fig. 2(d). The overall result is a Fermi surface spin texture
of the a-derived Fermi surfaces that has a global chiral
winding around the Brillouin zone center, but with a
significant radial component developing away from the
" — M line [Fig. 2(c)], similar to what might be expected
for a more conventional topological surface state if it
develops a hexagonal warping away from circular geom-
etry [47,48]. While at the Fermi level only the chiral
component of the f band is visible, similar radial compo-
nents, as well as an out-of-plane spin canting, develop for
its highly fragmented surface state contours below Ep
(Supplemental Material, Fig. S4 [35]).

These findings raise an exciting prospect to investigate
how such topological states, with their complex Fermi
surface spin textures, interplay with the bulk superconduc-
tivity of PdTe,. To this end, we investigate the super-
conductivity at the surface using low-temperature STM
(Fig. 3). Our measured tunneling spectra at 8 K [Fig. 3(b)]
reveal two pronounced peaks in the local density of states
centered at approximately —10 and —130 meV. These are
in excellent agreement with the positions of clear peaks in
the density of states arising from the van Hove singularities
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FIG. 3. (a) Surface topography of PdTe, measured at 7 = 8§ K

of a 8.5 x 8.5 nm? region (bias voltage: V = 10 mV, tunneling
current set point: / = 0.4 nA). (b) ARPES spectra (top; T = 5 K,
hv =24 eV, integrated along the I'— M direction of the
Brillouin zone) and differential conductance spectra measured
using STM at T =8 K (middle) and 7 =40 mK (bottom).
(c) Low-energy spectra measured at 40 mK and performed with
a normal (N, top) and superconducting (S, bottom) tip. The NS-
junction (SS-junction) spectra are averaged over a 5.4 x 5.4 nm?
(10 x 10 nm?) area and are normalized to the conductance at
0.6 mV. The dashed lines show the result of Dynes fits,
incorporating thermal broadening of 100 mK [21]. For the NS
junction, a lock-in amplitude of 25 4V was used, with the fit
yielding a sample superconducting gap size of A = 215 yV with
a Dynes broadening parameter of I' =65 V. For the SS
junction, a lock-in amplitude of 30 yV was used with Dynes
broadenings of 18 and 4 x4V for sample and tip, respectively. The
obtained superconducting gap of the sample and tip is 240 uV.
(d) Radially averaged decay of zero bias conductance (ZBC) with
distance (R) from the centre of a vortex core, measured with a
superconducting tip in a magnetic field of 7 &+ 2 mT. The inset
shows the real-space image of the vortex via its enhanced ZBC.
(e) The radial dependence of the full superconducting gap
structure with distance from the center of the vortex core,
obtained using V =8 mV, I = 0.4 nA and a lock in amplitude
of 30 uV.

of the a and f TSS bands, evident in our angle-integrated
ARPES spectra [Fig. 3(b)]. Such features remain in our
STS measurements upon cooling [Fig. 3(b)], indicating the
persistence of the Fermi-level TSS observed here into the
superconducting state. Despite this, our low-temperature
tunneling spectra [Fig. 3(c)] reveal a clearly resolved
U-shaped superconducting gap, indicating nodeless super-
conductivity. This is well described by a Dynes model fit,
indicating a fully gapped state with a superconducting gap
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size A =215+2 uV. This gives a ratio A/k,T,~ 1.5,
comparable to the BCS prediction. A slight underestimation
of the Dynes fit to the measured spectra at higher bias
voltages may suggest a small anisotropy of the super-
conducting gap. Crucially, however, there is no evidence
of nodes in the superconducting order parameter or of in-gap
states. Similar conclusions can be drawn from measurements
performed using a superconducting tip [Fig. 3(c)], where
again a clear lack of any zero-energy bound states is evident.

Measuring the collapse of the superconducting gap in a
magnetic field applied normal to the sample surface (see
Supplemental Material, Fig. 5 [35] for a detailed descrip-
tion), we estimate an upper critical field, H% =~ 20 mT.
This is consistent with the upper critical field of the bulk
superconducting state as judged from susceptibility mea-
surements [49]. Intriguingly, the bulk superconductivity in
PdTe, has recently been reported to be of type I character
[49]. We have, however, observed a vortex core in our STM
measurements in a magnetic field of 7 & 2 mT [Fig. 3(d)],
indicating that the superconductivity we probe is of type-II
character.

From the measured decay length of the vortex core of
175 + 67 nm [Fig. 3(d)], this would suggest an upper
critical field of H., =~ 11 mT for a BCS superconductor,
assuming a one-to-one correspondence of the measured
decay length to the coherence length. This is in reasonable
agreement with our measured value of the surface upper
critical field. Finally, we note that scanning tunneling
spectroscopy performed as a function of distance away
from the center of the vortex core [Fig. 3(e)] again yields no
evidence for the presence of zero-energy bound states.
Taken together, these results demonstrate that the surface
of PdTe, supports a conventional fully gapped s-wave
superconducting state, well described by BCS theory. This
coexists with well-defined topologically nontrivial surface
states, with complex multicomponent and multivalley
Fermi surfaces and rich vorticial spin textures.

The complexity of the surface Fermi surface, as well as the
presence of numerous bulk states degenerate in energy but at
different in-plane momenta, may ultimately explain why the
dominant superconducting pairing remains topologically
trivial at the surface. In any case, our results clearly
demonstrate that the presence of topologically nontrivial
states at the Fermi level is not a sufficient criterion to realize
topological superconductivity. Beyond this, our findings
highlight the importance of k_ -dependent band inversions
within a single orbital manifold for generating topological
surface states with rich and complex surface Fermi surfaces.
Moreover, they demonstrate how these can be effectively
tuned by varying interlayer hopping strengths, paving the
way to the design of new topological materials.

The research data supporting this publication can be
accessed at Ref. [50].
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