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and Peter Liljeroth*

1. Introduction

Unconventional superconductors represent one of the fundamental direct-

ions in modern quantum materials research. In particular, nodal supercon-
ductors are known to appear naturally in strongly correlated systems,
including cuprate superconductors and heavy-fermion systems. Van der
Waals materials hosting superconducting states are well known, yet nodal
monolayer van der Waals superconductors have remained elusive. Here,
using low-temperature scanning tunneling microscopy (STM) and
spectroscopy (STS) experiments, it is shown that pristine monolayer 1H-TaS,
realizes a nodal superconducting state. Non-magnetic disorder drives the
nodal superconducting state to a conventional gapped s-wave state.
Furthermore, many-body excitations emerge close to the gap edge, signalling
a potential unconventional pairing mechanism. The results demonstrate the
emergence of nodal superconductivity in a van der Waals monolayer,
providing a building block for van der Waals heterostructures exploiting

unconventional superconducting states.
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Unconventional superconductivity is asso-
ciated with the existence of competing elec-
tronic interactions and it represents one of
the paradigmatic correlated states of matter.
A variety of compounds have been discov-
ered in this broad family in the last decades,
including high-temperature superconduc-
tors, heavy-fermion superconductors and
(artificial) topological superconductors.-1?!
While a wide range of unconventional
superconducting states have been found
in bulk and complex compounds and
van der Waals materials hosting super-
conductivity are well-known,['*1°! intrin-
sic unconventional superconductivity in a
monolayer van der Waals material has
not yet been discovered.?>23] One of the
best known monolayer superconductors,
NbSe,, is a conventional s-wave super-
conductor in the monolayer limit.[2426]
Despite its conventional nature, recent results point toward the
proximity to potential correlated ground states,[2 suggesting
that other related materials would be outstanding candidates for
monolayer unconventional superconductors.

Strongly correlated superconductors are prone to show uncon-
ventional order parameters.[*!) While phonon-driven supercon-
ductors present s-wave superconducting symmetry, coexistence
of strong electronic correlations can energetically favor higher
angular momentum states. In particular, high-Tc cuprate super-
conductors, in which the pairing mechanism is driven by mag-
netic excitations, present nodal d,._.-wave superconducting or-
der parameter, compatible with the underlying C, symmetry of
the electronic structure. Interestingly, correlated superconduc-
tors in triangular lattices with C; rotational symmetry would be
prone to other unconventional superconducting order parame-
ters, as observed in heavy-fermion superconductors.#1) While
the microscopic mechanism leading to these states represents an
open research question, correlated superconductors often show
two distinctive signatures simultaneously: an unconventional or-
der parameter with nodal superconducting states, and the ap-
pearance of low-energy many-body fluctuations coexisting with
the superconducting state.3?) In addition, unconventional su-
perconducting states are well-known to be highly sensitive to
non-magnetic disorder, a feature commonly used as a probe of

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 1. Superconducting pairing symmetry in 1H-TaS,. a,b) STM image (a, set point parameters V = 10 mV and | = 1 nA) and schematic structure
(b) of TH-TaS,. c,d) Calculated band structure (c), and the Fermi surface (d) of monolayer 1H-TaS,. Blue and red in (c,d) correspond to up and down
channels, with the splitting stemming from Ising spin-orbit coupling. e) Including s-wave pairing opens a superconducting gap uniformly across the
Fermi surface in the calculated electron spectral function. f,g) Calculated Fermi surface (f) and the electron spectral function (g) with nodal pairing. The

dotted line in panel (f) shows the symmetry of the nodal superconducting pairing.

unconventional superconductivity.?*3*] Here, we show that clean
monolayer 1H-TaS, simultaneously presents an unconventional
nodal superconducting state and low energy many-body fluctu-
ations, hallmarks of a correlated superconducting state. Further-
more, non-magnetic disorder drives the system to a conventional
superconducting state with s-wave pairing symmetry. Such real-
ization of unconventional superconductivity in a simple mono-
layer van der Waals material allows its detailed study under exter-
nal stimuli (e.g., gating). In addition, this adds a crucial building
block for designer van der Waals heterostructures exploiting un-
conventional superconductivity.

2. Results and Discussion

2.1. Superconductivity in a Pristine TH-TaS, Monolayer

We grow 1H-TaS, on highly oriented pyrolytic graphite (HOPG)
using molecular beam epitaxy (MBE) (for growth details see the
Experimental Section) and investigate its electronic structure us-
ing low-temperature scanning tunneling microscopy (STM) and
spectroscopy (STS) experiments. The MBE growth results in
clean samples with a low defect density and the 1H-TaS, mono-
layer exhibits the well-studied 3 X 3 charge density wave (STM
image shown in Figure 1a and schematic of 1T-TaS$, atomic struc-
ture in Figure 1b).*7] Larger bias range spectroscopy shows
states arising from metal d-band (Figure S1, Supporting Infor-
mation) similarly to the case of 1H-NDbSe,.[?*]

While superconductivity in thin films of 2H-TaS, down
to monolayer thickness has been observed,1®173-40 the gap
symmetry of monolayer 1H-TaS, has not been established to
date.[?”#1] The scenario for realizing unconventional supercon-
ductivity in 1H-TaS, can be illustrated by tight-binding calcula-
tions (details in the Section S2, Supporting Information). The
broken inversion symmetry is reflected in the band structure
of this material (Figure 1c) in the form of Ising spin-orbit cou-
pling, leading to enormous band splitting around K and K’
points (Figure 1c,d). Introducing s-wave pairing potential gaps
the Fermi surface of 1H-TaS, uniformly in reciprocal space
(Figure 1e) leading to conventional superconductivity. It is also
possible to construct unconventional superconducting states in
1H-TaS,. The symmetry of the system is consistent with nodal
f-wave pairing,!?’] which has a gap amplitude in reciprocal space
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analogous to the f,,» ;.. orbital (as discussed in Section S2B-D
Supporting Information), as illustrated by white dashed line in
Figure 1f. F-wave pairing potential gaps the Fermi surface along
I'-K/K’, but not along I'-M direction (Figure 1f,g). In contrast to
s-wave symmetry giving a fully gapped spectrum, this leads to
gapless, nodal superconducting state. The possible presence of
doping or strain is not expected to change this conclusion (see
Section S2E, Supporting Information for details).

F-wave pairing is not the only possible nodal order parameter.
For example, s* order parameter would also be consistent with
the nodal spectra observed. However, we consider f-wave order
parameter as a more likely scenario as signatures of it have been
observed in monolayer dichalcogenides.[??] In contrast, no sig-
natures of s* order have been observed in this type of materi-
als. Comparison with an s* order is presented in the Section S2F
(Supporting Information). Finally, in the presence of spin-orbit
coupling, singlet and triplet orders can coexist. We analyze this
scenario in Section S2G (Supporting Information), and conclude
that it should not lift the presence of the superconducting nodes
in the electronic structure.

As illustrated in Figure 2a,b, high-energy resolution dI/dV
spectrum on a clean 1H-TaS, sample reveals a V-shaped gap at
the Fermi level. We confirm that this gap is of superconducting
origin by measuring its temperature and magnetic field depen-
dence (Figure 2¢,d). The spectral gap vanishes with increasing
temperature and out of plane magnetic field, which is consistent
with the superconducting nature of the gap. We did not observe
a vortex lattice on our sample (also not observed on related 1H-
NbSe, monolayer superconductor(2%42]).

Itis immediately clear that the gap shape is not consistent with
s-wave BCS model. While this tunneling spectrum could also
be fitted using s-wave Dynes model that includes pair-breaking
processes through the Dynes parameter I}l we argue that the
physics of this model is inconsistent with our experiments. For
an s-wave superconductor, pair-breaking would require magnetic
impurities to account for physics behind the I' in the Dynes
model. This is contradictory to having an ultraclean sample.[*!]
Second, I" and the superconducting gap A should be anticorre-
lated within the Dynes model and this is in contrast with our
experiments (see Figure S8, Supporting Information). Further-
more, the disordered sample (see below) was found to fit with
I' = 0 meV (i.e. pure s-wave BCS model). It would be physically
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Figure 2. Superconductivity in TH-TaS,. a-d) STM/STS results on a clean 1H-TaS, sample. a) STM image of TH-TaS, on HOPG substrate, obtained at
V=10 mV and | = 1 nA. b) dI/dV spectrum of the clean sample (blue), averaged over 12 spectra measured on different islands. Orange curve represents
a fit using nodal order parameter. c,d) Temperature (c) and magnetic field (d) dependence of a superconducting gap of the clean sample, spectra are
vertically offset for clarity. e—h) STM/STS results on a disordered TH-TaS, sample. e) STM image of the disordered 1H-TaS, on HOPG substrate, obtained
at V=10mV and I = 1 nA. f) dI/dV spectrum of the disordered sample (blue), orange curve represents a fit using s-wave BCS model. g,h) Temperature
(g) and magnetic field (h) dependence of a superconducting gap of the disordered sample, spectra are vertically offset for clarity. d//dV spectra used in
this figure were performed with a bias modulation of V,,,,q4 = 20 uV. d//dV spectra in panels (c-h) are an average over 4 X 4 grid with size 5 nm.

inconsistent that increasing disorder removes the pair-breaking
processes coming from impurities. In stark contrast, the data is
fully accounted for by a model with nodal superconductivity with-
out introducing the somewhat artificial Dynes parameter (see
Figure 2b). Details about the fitting procedure as well as fits using
other models for tunneling spectroscopy of superconductors can
be found in the Section S3 (Supporting Information). Finally, we
note that there are some differences in the shape of the coherence
peaks in Figure 2b,c as these data are from different experimental
runs, which can be due to changes in the microscopic structure
of the STM tip. However, this does not affect our conclusion on
the shape of the gap and whether it can be fit with a nodal or
s-wave BCS model.

2.2. Superconductivity in a Disordered TH-TaS, Monolayer.

Conventional superconductors are robust against weak non-
magnetic impurities. This feature, known as Anderson’s theo-
rem, also implies that under weak disorder, conventional s-wave
superconducting gaps are not substantially affected.I**] The situ-
ation is different for unconventional superconductors, in which
non-magnetic impurities are known to drastically impact the
spectral properties. In particular, non-magnetic disorder alone
can create in-gap states in an unconventional superconducting
gap. This behavior can be rationalized from the fact that non-
magnetic impurities create scattering in reciprocal space, and
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due to the sign-changing nature of unconventional supercon-
ducting orders, disorder induces an average zero superconduct-
ing order in reciprocal space.

Introducing impurities on our sample makes the 3 x 3 CDW
disordered, which can be seen on Figure 2e (more details in the
Section S4, Supporting Information). Interestingly, while we ob-
serve that clean 1H-TaS, shows a nodal-like superconducting or-
der, the situation with disorder is drastically different. In partic-
ular, the superconducting gap recovers the fully gapped form of
a conventional superconductor, that is well-fit by an s-wave BCS
model (Figure 2f). This phenomenology can be rationalized from
the impurity physics associated to unconventional superconduc-
tors (see Section S2H, Supporting Information for details). In
the pure limit, the system shows an unconventional nodal su-
perconducting order. When impurities are introduced, the recip-
rocal space scattering quickly quenches the unconventional su-
perconducting state. In this disordered limit, a competing s-wave
superconducting order takes over, as it is not affected by the pres-
ence of non-magnetic disorder (see Section S2H, Supporting In-
formation for details). The drastically different spectral shapes
support the transition from a gapless superconducting order in
the clean limit to a conventional gapped s-wave order in the dis-
ordered limit.

It can also be observed that the s-wave gap is larger than the
clean nodal one, with a concomitant increase in T, and H, as
well. The fact that we have two competing order parameters
implies that their associated critical temperatures are similar,
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Figure 3. Dip-hump features around the Fermi level of 1H-TaS,. a) d//dV spectrum of TH-TaS, displaying fluctuations in ~+6 mV window (shaded
region) and a smooth evolution of the LDOS outside this region (Vg = 200 uV). b) Magnetic field dependence of the di/dV spectroscopy
(Vimod = 100 pV). Dashed lines highlight the main features that vary with magnetic field, the dotted line marks the critical field of superconductivity.
The spectrum is an average over 4 X 4 grid with size 5 nm. ¢,d) d//dV maps of the same area at V=-9 mV (c) and at V= -2 mV (d) (V;,oq = 400 V).
e,f) Fourier transforms of d//dV maps at V= -9 mV (e) and at V= -2 mV (f). The Fourier transforms have been three fold symmetrized, respecting the
C; symmetry of the lattice. Results presented in this figure were measured on a clean sample. All the results presented in this figure were measured at

T=035K.

which has been observed in other correlated materials.*¢! The
enhancement of the gap can be rationalized in terms of impurity-
induced electronic-structure reconstruction!*’] and dominance of
a disorder-induced inhomogeneous conventional channel over
the pristine unconventional channel.¥#] This phenomenology
arises from the resilience of conventional s-wave to disorder and
the vulnerability of the unconventional nodal order, leading to the
prevalence of s-wave superconductivity in disordered samples.
Once again, as expected, increasing the temperature or magnetic
field suppresses the spectral gap with conventional s-wave char-
acter (Figure 2f,g). Details on the determination of the T, and
H, can be found in Section S5 (Supporting Information), spatial
variation of the superconducting gap in Section S6 (Supporting
Information).

2.3. Many-Body Excitations Around the Superconducting Gap

In addition to the superconducting gap, we observe low energy
excitations in the dI/dV spectra as shown in Figure 3a. While
these features are associated to electron-boson coupling, their en-
ergies are not consistent with the known phonon energies and
electron-phonon couplings in 1H-TaS,.’%%! They are likely to
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arise from many-body excitations associated with the supercon-
ducting state. Similar dip-hump features were found in a closely
related 1H-NbSe, system.?®! However, in contrast to the results
on 1H-NbSe,, the excitations in 1H-TaS, do not have a constant
energy spacing, they are not fully symmetric around the super-
conducting gap and persist at higher magnetic fields in the nor-
mal state (Figure 3b, more data in the Section S7, Supporting
Information). Here, upon applying magnetic field, the dip-hump
features shift to lower energies atlow magnetic fields and remain
at a constant energy at higher magnetic fields (above the critical
field of = 1 T,[7] see Figure 2d).

Similar excitations in high-Tc superconductors are believed
to stem from an antiferromagnetic fluctuating order, respon-
sible for the pairing mechanism in those compounds.(*?/ The
excitation peaks in our data can be analogously associated to
an underlying fluctuating order, potentially responsible for the
nodal superconducting state (see discussion in Section S21I, Sup-
porting Information). These excitations have a clear fluctuation
length scale in both real and reciprocal space. Outside the dip-
hump region, highlighted in Figure 3a, the tunneling conduc-
tance has low spatial fluctuations (Figure 3c), while inside the
region the spatial fluctuations are much stronger (Figure 3d,
can also be seen on Figure S16, Supporting Information). In the
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reciprocal space, there are several features both inside and out-
side the dip-hump region. Outside (Figure 3e), there are peaks
that correspond to lattice (blue circles), to the 3 x 3 CDW with
their satellites, and there is a hexagonal shape probably corre-
sponding to quasiparticle interference of the 1H-TaS, d-band. In-
side (Figure 3f), the lattice peaks and CDW peaks are suppressed,
while there appears to be a strong flower-shaped pattern. The re-
ciprocal space features are very different for outside and inside
the dip-hump region and this behavior is present in all measure-
ments (for full datasets, see Movies S1-S3, Supporting Informa-
tion). While the nature of the many-body excitations cannot be
fully determined at the current stage, their concomitant appear-
ance with the nodal superconducting gap suggests that they can
potentially be associated with the pairing channel of the super-
conducting state. Further work should be carried out to establish
its microscopic nature and exact connection with nodal state in
TaS,.

Another feature associated with the unconventional supercon-
ducting order is a pseudogap phase appearing in the vicinity of a
superconducting dome.’?) In our experiments, when supercon-
ductivity is quenched by an external magnetic field, a pseudogap
appears at the Fermi level. This can be seen at higher magnetic
fields in Figure 3b with the pseudogap getting wider with increas-
ing field.

3. Conclusion

We have provided evidence for unconventional nodal supercon-
ductivity in ultra-clean monolayer 1H-TaS, by means of STM and
STS measurements. In particular, we have demonstrated three
genuine signatures of an unconventional superconducting state:
a nodal V-shaped superconducting gap incompatible with a BCS
gap, many-body excitations around the Fermi level potentially as-
sociated with the unconventional superconducting order, and the
emergence of a pseudogap in the normal state with an applied
magnetic field. In addition, introduction of disorder in 1H-TaS,
gives rise to a conventional s-wave superconducting state, fur-
ther supporting the unconventional nature of superconductivity
in ultra-clean samples. Beyond the fundamental interest in un-
conventional monolayer superconductors, the vdW nature of this
material implies that 1H-TaS, can be used as a building block to
incorporate this new electronic order into artificial van der Waals
heterostructures. Ultimately, the discovery of a monolayer uncon-
ventional superconductor opens up potential new strategies to
realize a whole new family of exotic states relying on nodal su-
perconductivity by stacking and twisting various vdW materials.

4. Experimental Section

Sample Preparation: TaS, was grown by MBE on HOPG under ultra-
high vacuum conditions (base pressure ~1x 10719 mbar). HOPG crystal
was cleaved and subsequently out-gassed at ~800 °C. High-purity Taand S
were evaporated from an electron-beam evaporator and a Knudsen cell,[*3]
respectively. Prior to growth, the flux of Ta was calibrated on a Au(111) at
~1 monolayer per hour. The ratio of 1T to 1H-TaS, could be controlled
via substrate temperature and the overall coverage.[*®] Before the growth,
HOPG substrate temperature was stabilised at 500 °C, at which only the
1H phase grows. The sample was grown in a S pressure of %5 x 1078 mbar
and the growth duration was 25 min.
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STM Measurements:  After the sample preparation, it was inserted into
the low-temperature STM (Unisoku USM-1300) housed in the same UHV
system and subsequent experiments were performed at T = 350 mK.
STM images were taken in the constant-current mode. d//dV spectra were
recorded by standard lock-in detection while sweeping the sample bias in
an open feedback loop configuration, with a peak-to-peak bias modula-
tion specified for each measurement and at a frequency of 911 Hz. dI/dV
spectra were recorded on extended monolayers to eliminate possible is-
land size dependence from the measurements. The direction of the ap-
plied magnetic field was out of plane.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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