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Hallmark features of conventional
BCS superconductivity in 2H-TaS,

Frank Elson'™’, Ola Keniji Forslund®3, Rasmus Palm*, Ahmed Alshemi®,
Mahmoud Abdel-Hafiez®, Gediminas Simutis’:, Toni Shiroka”°, Debarchan Das’,
Elizabeth Blackburn®, Jonas Weissenrieder’, Yasmine Sassa'"“ & Martin Mansson*"*

Layered transition metal dichalcogenides (TMDs) are model systems to investigate the interplay
between superconductivity and the charge density wave (CDW) order. Here, we use muon spin
rotation and relaxation (u*SR) to probe the superconducting ground state of polycrystalline 2H-Tas,,
which hosts a CDW transition at 76 K and superconductivity below 1 K. The u*SR measurements,
conducted down to 0.27 K, are consistent with a nodeless, BCS-like single-gap s-wave state.

Fits to the temperature dependence of the depolarization rate and Knight shift measurements
support spin-singlet pairing. Crucially, no evidence of time-reversal symmetry breaking (TRSB) is
observed, distinguishing 2H-TaS, from polymorphs like 4Hb-TaS,, where TRSB and unconventional
superconductivity have been reported. These findings establish 2H-TaS, as a canonical BCS
superconductor and provide a reference point for understanding the diverse electronic ground states
that emerge in structurally distinct TMD polymorphs.

Keywords Van der Waals, Superconductivity, Muon spin rotation "SR

In recent years, layered van der Waals (vdW) materials have emerged as ideal platforms to explore novel quantum
phenomena, including unconventional superconductivity, magnetism, topological states, and competing charge
density wave (CDW) orders"2. Among these materials, transition metal dichalcogenides (TMDs) of the form
MX, (M = transition metal, X = chalcogen) stand out due to their rich interplay between superconductivity
and CDW phases, often manifesting in phase diagrams which depend critically on external tuning parameters
such as pressure, doping, and dimensionality3‘5. This interplay is exemplified in systems like 1T-TiSe,, NbSeZ,
and NbTe,, where superconductivity often emerges upon suppression of CDW order, suggesting competition or
coexistence of these phenomena’-1°.

The compound 2H-TaS$, is one example of this family, characterized by a CDW transition at approximately
Tepw = 76 Kand superconductivity below T = 1 K*>~>!1. Earlier works have indicated potential anisotropy in
its superconducting gap structure and hinted at unconventional pairing mechanisms'!, raising the fundamental
question of whether the observed superconductivity conforms strictly to conventional BCS theory'? or if
deviations indicating unconventional behavior exist®®. A particularly illustrative contrast can be drawn with
the 1T polymorph of TaS,, which undergoes a cascade of CDW transitions culminating in the formation of
a commensurate v/13 x /13 superstructure at low temperatures'®. This structural modulation opens a Mott
gap driven by strong electronic correlations, rendering the system insulating despite its metallic origin'‘.
This behavior strongly differs from the metallic and superconducting ground state observed in the 2H phase.
Furthermore, 4Hb-TaS,, a structural hybrid composed of alternating 1T- and 1H-like layers, has recently
been shown to exhibit time-reversal symmetry breaking (TRSB) in its superconducting state—an observation
suggestive of unconventional, possibly chiral, pairing mechanisms!>!®. While the mechanisms underlying
the Mott insulating state in 1T-TaS, and the unconventional superconductivity in 4Hb-Ta$, are becoming
increasingly well understood, the microscopic nature of superconductivity in 2H-TaS, remains unclear. Reports
across TaS, polymorphs and thicknesses reveal a diverse superconducting landscape. In monolayer 1H-TaS,,
low-T STM/STS indicates a nodal superconducting state, with disorder driving it toward a conventional gapped
s-wave state'”. By contrast, bulk 2H-TaS, STM/STS shows a gapped local densities of states (LDOS) and chiral
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charge order, with a distribution of gap values in the superconducting state's. Reducing thickness in 2H-Ta$,
enhances T, relative to bulk'®, and in engineered/re-stacked TaS, nanosheets the in-plane upper critical field
can exceed the Pauli limit?*. Under hydrostatic pressure, T is strongly enhanced as the CDW weakens**!. Taken
together, these results motivate a bulk, volume-sensitive probe such as muon spin rotation/relaxation (4*SR) to
test for nodeless vs. nodal behavior and to assess spin-singlet pairing in the 2H polytype.

In this study, we use y*SR to investigate the superconducting state of polycrystalline 2H-TaS, down to
temperatures as low as T'= 0.27 K, enabling direct observation of its superconducting gap symmetry and pairing
state. Our measurements reveal clear evidence for a conventional s-wave gap symmetry, well described by
standard BCS theory. This finding is supported by temperature-dependent Knight shift measurements indicating
spin-singlet pairing. Crucially, we also confirm the absence of TRSB, clearly differentiating the superconducting
properties of 2H-TaS, from more complex polymorphs like 4Hb-TaS,'>!6. Establishing that 2H-Ta$, is a
conventional BCS superconductor is of foundational importance and holds implications for engineering layered
materials in quantum technologies. It defines a baseline case within the TMD family, serving as a reference point
for interpreting more exotic behaviors in related compounds. By clarifying the nature of superconductivity in
2H-Ta$S,, our findings contribute essential insight toward disentangling the intertwined roles of CDW order,
electronic correlations, and multiband effects in layered quantum materials.

Results

To investigate the superconducting properties of polycrystalline 2H-TaS,, we performed "SR measurements
in both zero-field (ZF) and transverse-field (TF) configurations. These measurements provide microscopic
insight into the superconducting gap symmetry, the internal magnetic field distribution, and the nature of the
vortex state?223, Below, we present a detailed analysis of the time spectra, depolarization rates, and extracted
superconducting parameters.

Zero-field and transverse-field u*SR measurements
Figure 1a shows the muon time spectra taken in ZF at T = 10 K, 0.7 K, and 0.27 K. The data are fitted using:
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Fig. 1. Muon spin rotation and relaxation (4*SR) measurements on 2H-Ta$,. (a) Zero-field (ZF) muon spin
relaxation spectra at temperatures of 10 K (pink), 0.7 K (green), and 0.27 K (blue), demonstrating the absence
of spontaneous magnetic fields. Solid lines represent fits using the Gaussian Kubo-Toyabe relaxation function.
(b) Transverse-field (TF) muon polarization functions measured above (2 K, orange) and below (0.27 K, red)
the superconducting transition temperature, under a transverse applied magnetic field of 200 G. Enhanced
damping at 0.27 K indicates the formation of a superconducting vortex lattice.
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= A,e MGKT(t)

(1)

where A is the sample asymmetry, o is the depolarisation of the muon, and GKT(¢) is the static Gaussian Kubo-
Toyabe function. The GKT(#) function models the depolarization of muon spins in a system with randomly
oriented, static local magnetic fields—typically arising from nuclear dipole moments—and is commonly used
in ZF u*SR to identify the presence or absence of spontaneous internal magnetic fields. The ZF muon time
spectra show no discernible difference across temperatures and no coherent oscillations below T, indicating the
absence of magnetic ordering.

Figure 1b displays the transverse-field (TF) 2SR time spectra measured under an applied magnetic field of
toH =200 G at two temperatures: 0.27 K and 2 K, corresponding to below and above the superconducting
transition temperature respectively. The data is fitted using a Gaussian relaxing cosine function:

AoP(t) = Aye 20" cos (27wt + %) )

where A, is the sample asymmetry, o is the muon depolarization rate, v the frequency of oscillation, and ¢
a phase offset. At T = 2 K, oscillations remain largely undamped due to a relatively uniform magnetic field
distribution in the sample, while a significant damping is observed at 0.27 K, indicating a broader internal
magnetic field distribution, consistent with the formation of the vortex lattice below Tt.

Determination of the upper critical field H.

Next, to quantify the upper critical field H.o, we measured the muon depolarization rate or as a function of
applied magnetic field H. Above T, the depolarization rate or reflects the field-independent contribution from
the temperature-independent nuclear dipolar contribution (0,,) mainly from Ta nuclei with 7' Ta = 7/2%4,
Below T, an additional depolarization component o arises from the inhomo§eneous field distribution of the
superconducting vortex lattice. The total depolarization o is expressed as 07 = o2 + osc?. By subtracting
the nuclear contribution o, (assumed to be constant in the restricted temperature range above 7c) to the total
depolarization o7, we isolate the superconducting contribution o, which is used to extract H.2 by fitting to
the Brandt’s model?®, described as:

3
H H
se = 4. 14(1— ) 1+1.21(1- —2 3
o 83 x 10 s xl + < Hﬁ)]A (3)

where H is the applied field, A the London penetration depth, and H.> the fitted upper critical field. Figure 2a
shows osc(H) at T = 0.27 K fitted to Brandt’s formula, yielding H.o = 3055.8 & 505.4 G.

Determination of the gap symmetry from temperature-dependent depolarization

We next analyze the temperature-dependent TF yF SR measurements performed at applied fields of p1oH = 50 G,
200 G, and 400 G (Fig. 2b). Below T, the superconducting depolarization rate os. increases with decreasing
temperature and saturates around T =~ 0.5 K. This increase in o, reflects the gradual build up of superfluid
density as the superconducting state develops. Since 0. is directly proportional to the g-integrated superfluid
density, its temperature dependence provides valuable information about the symmetry and structure of the
superconducting energy gap. Thus, each data set was fitted to:
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where f = [1+ exp E/kpT] is the Fermi function and A = A(T)g(¢) is the temperature and angular
dependence of the superconducting gap. For an s-wave symmetry, there is no g-dependence on the gap, reducing

down the expression to
1 o 2 €2 + A(T)?
se=1— h | de.
7 2T /0 o8 ( 2% 5T y )

with A(T) = A(0) tanh [1.821 x 1.018(T../T — 1)**'] from the BCS theory®, and A(0) the size of the

superconducting gap at zero temperature.

The dashed lines in Fig. 2b correspond to fits using a single-gap s-wave model, where both the gap magnitude
A(0) and the critical temperature T are treated as free parameters. In contrast, the solid lines represent fits
based on the BCS prediction, where A(0) is fixed to the weak-coupling value A(0) = 1.764kpT.. The results
are summarized in Table 1. For 10H = 200 G and 400 G, both approaches yield consistent results, supporting
the applicability of BCS theory. While the fit at uoH = 50 G shows a modest deviation, likely due to limited data
points near T¢, the BCS model still provides a reasonable description of the data. Overall, the analysis strongly
suggests that superconductivity in 2H-TaS: is well described by conventional BCS theory with a fully open s-
wave gap. Albeit our powder-averaged 11 SR data are well described by a single, nodeless s-wave gap, we cannot
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Fig. 2. Field and temperature dependence of superconducting depolarization rate in 2H-TaS,. (a) Field
dependence of the superconducting muon spin depolarization rate (csc) measured at 7' = 0.27 K. The solid
line represents a fit using Brandt’s formula, yielding an upper critical field (H.2) of 3056 + 505 G. The final
data point at 3000 G was excluded due to saturation effects in the measured depolarization rates, indicating

an experimental limitation rather than an intrinsic property. Shaded areas and dashed lines indicate the fitting
uncertainty. (b) Temperature dependence of osc measured at applied fields of 50 G, 200 G, and 400 G. Dashed
lines represent fits using a single-gap s-wave superconducting model, and the solid lines show fits according to
the BCS model with fixed gap A(0) = 1.764 kgT¢. Values less than the nuclear contribution are set to zero.

A(0) (meV) T, (K)

H (G) | Fitted gap BCS Fitted gap BCS

50 0.168 +0.004 | 0.187 +0.008 | 1.508 +0.019 | 1.315 £ 0.0589
200 0.178 £ 0.006 | 0.190 £ 0.002 | 1.394 + 0.037 | 1.345 £ 0.016
400 0.194 £0.016 | 0.181 £ 0.004 | 1.210 +0.069 | 1.280 £ 0.031

Table 1. Superconducting gap parameters and critical temperatures for 2H-TaS,. Summary of the
superconducting gap magnitudes A(0) and transition temperatures 7. obtained from transverse-field
p*SR data at magnetic fields of 50 G, 200 G, and 400 G. The experimental data were analyzed using both
a single-gap s-wave model (‘Fitted Gap’) and a conventional BCS model (‘BCS’) with the gap ratio fixed to
A(0) =1.764 kg Te.

exclude weak anisotropy or closely spaced multi-gap scales that would yield a similar temperature dependence
of 0. (T") within our experimental uncertainty and base temperature (0.27 K = 0.27¢). We therefore describe
the superconducting gap as nodeless, BCS-like s-wave rather than strictly isotropic.

Knight shift analysis

Knight shift measurements further support this interpretation and reveal the superconducting pairing symmetry.
The Knight shift reflects the local magnetic environment experienced by implanted muons and can be extracted
from the temperature-dependent TF 11" SR measurements. It is defined as the normalized shift in the internal
magnetic field H, from the applied field Hp as K = %

s

Scientific Reports|  (2025) 15:37164 | https://doi.org/10.1038/s41598-025-24342-8 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

In superconductors, the Knight shift provides a sensitive probe of the spin state of the Cooper pairs. For spin-
triplet pairing (S = 1), the spins of the paired electrons remain aligned with the applied magnetic field, and the
Knight shift therefore remains nearly constant across the superconducting transition. In contrast, for spin-singlet
pairing (S = 0), the formation of pairs with zero net spin suppresses the spin susceptibility below 1<, leading to
a measurable decrease in the Knight shift. The experimentally measured Knight shift comprises a temperature-
dependent spin contribution, K (T"), and a temperature-independent orbital (or chemical) contribution,
Korb. Consequently, the total shift does not vanish as T — 0 even for an ideal spin-singlet superconductor. The
observed reduction of the total Knight shift below T therefore reflects the expected suppression of K ('), while
the finite residual value at low temperature arises from Ko.p, demagnetization effects, and field inhomogeneity
in the vortex state.

Figure 3 displays the Knight shift as a function of temperature at applied fields of pioH = 200 G and 400 G.
In both cases, a clear decrease is observed below the superconducting transition temperature, consistent with
the formation of spin-singlet Cooper pairs (S = 0), as the lack of degeneracy in the Cooper pairs allows them
to adapt to the magnetic field, leading to a decrease in field below T.. This behavior further corroborates the
conclusions drawn from the gap symmetry analysis and strongly supports a conventional BCS mechanism
governing superconductivity in 2H-TaS,, as we see no signs of d-wave superconductivity in the temperature
dependence of 0.

London penetration depth and Uemura analysis
To further characterize the superconducting state, we examine the London penetration depth, A, which provides
a measure of how deeply magnetic fields can penetrate into a superconductor. It is directly related to the
superfluid density and thus serves as another sensitive probe of gap symmetry and pairing strength. In TF 1™ SR,
the penetration depth can be inferred from the field dependence of the superconducting muon depolarization
rate osc. Because o is affected by both the applied magnetic field and the vortex lattice structure, we extract
the field-independent A by analyzing the temperature-dependent o7 values obtained at ;10H = 50 G, 200 G, and
400 G using Brandt’s model. The results are presented in Fig. 4a, yielding a zero-temperature penetration depth
of A\(0) = 678.3 £ 4.8 nm.

To contextualize, we extract the electronic parameters of 2H—TaS2 to find the Fermi temperature, Tr, and
placing 2H-TaS, onto the Uemura plot (Fig. 4b). The Sommerfeld coefficient, the electronic coefficient for
scaling the temperature dependence of the heat capacity (C' = v, T'), is defined through the following equation;

m\2/3 kQBm*nl/?’
V. 6

where m™ is the effective mass of the quasiparticles, n is the density of charge carriers per cubic meter, and V;,
is the molar volume of the material (molar mass/density)?®. Rearranging this equation to find m*, and using a
Sommerfeld coefficient of 7, = 8.8 mJ mol™ K™%, a carrier density of 2.39 x 10%® m™2 (found from the hall
coefficient Ry = 2.2 x 10~ % cm3 C'%, and using the relation Ry = 1/ne where e is the electron charge), and
amolar volume of 3.46 x 10™° m? mol~' (using a molar mass of 245.08 g mol ! and a density of 7090 kg m~3%°),
we find an effective mass of m* = 4.72 x 107°° kg = 5.18m. (where m. is the mass of the electron). We can
then further use the relation

B (3n%n) "

2m*kp

Tg (7)

to find the Fermi temperature, Tr. Using the above values, we find a Fermi temperature of Tr = 7599.44 K. This
is shown on the Uemura plot in Fig. 4b. As we can see, 2H-Ta$, sits towards the conventional superconductors
side of the Uemuera plot.
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Fig. 3. Temperature dependence of the Knight shift in 2H-TaS,. Knight shift measurements at applied fields
of 200 G (green squares, left axis) and 400 G (blue triangles, right axis). A clear reduction in the Knight shift
is observed below the superconducting transition temperature, consistent with spin-singlet pairing of Cooper
pairs. The solid line is a guide to the eye illustrating the trend.
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Fig. 4. London penetration depth and Uemura plot analysis of 2H-TaS,. (a) Temperature dependence of the
London penetration depth (), extracted from transverse-field muon spin rotation measurements. The solid
line represents a fit based on the BCS superconducting model, illustrating conventional superconductivity.
Shaded area indicates the uncertainty in the fit. (b) Uemura plot illustrating the superconducting transition
temperature (7¢) versus the Fermi temperature (¥ ) for various superconductors. The position of 2H-TaS
(marked by a blue star) indicates its placement among conventional superconductors. Adapted from Ref. 7

Discussion

Our ;1*SR measurements establish that the superconducting ground state of 2H-TaS, exhibits all the
hallmark features of a conventional BCS superconductor. Specifically, we identify a fully gapped s-wave order
parameter, singlet pairing confirmed by suppression of the Knight shift, and an absence of TRSB. These findings
align with previous reports indicating conventional superconductivity in undoped 2H-TaS,*™, resolving
historical ambiguities regarding unconventional pairing mechanisms previously suggested by macroscopic
measurements'!. Such discrepancies may originate from extrinsic sample quality variations or directional
averaging effects inherent to different experimental methodologies.

A comparison with chemically doped variants, such as Cu-intercalated Ta$,’, highlights the sensitivity of
superconductivity to chemical doping, suggesting possible transitions from conventional to unconventional
superconductivity. Structural and electronic considerations illustrated in Fig. 5 clearly depict why the physics
of TaS, polymorphs differ significantly. The 1T polymorph (Fig. 5b) undergoes sequential CDW transitions
leading to a low-temperature commensurate CDW state with a /13 x /13 reconstruction of the Ta lattice!>.
This structural modulation significantly narrows the electronic bandwidth, producing flat electronic bands
(Fig. 5b, bottom) and strong nesting vectors that localize electrons and drive the material into a Mott insulating
state characterized by strong electronic correlations'?, thus suppressing superconductivity.

Conversely, the hybrid 4Hb-TaS, polymorph (Fig. 5c) exhibits unconventional superconductivity
characterized by TRSB'>!6. Structurally, 4Hb-Ta$, consists of alternating layers with 1T and 1H motifs, forming
a natural heterostructure®!. This stacking pattern creates an asymmetric interlayer environment that facilitates
interband hybridization, charge transfer, and local symmetry breaking—conditions to stabilize multiband, chiral
superconducting states. The complex band structure at the Fermi level of 4Hb-TaS, (Fig. 5¢c, bottom) exhibits both
dispersive and localized states, essential for unconventional superconductivity. Theoretical models suggest chiral
d + id or p + ip pairing states emerge from sufficient interband coupling and Fermi surface frustration®>.
Moreover, local inversion symmetry breaking within the unit cell can lift degeneracies, promoting TRSB.

In 2H-TaS$, (Fig. 5a), uniform trigonal prismatic stacking maintains both global and local inversion symmetry,
yielding broad dispersive Ta d-bands (Fig. 5a, bottom). This structural and electronic regularity corresponds well
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Fig. 5. Crystal structures and schematic electronic band structures of TaS, polymorphs. (a) Crystal
structure (space group P63/mmc) and schematic band structure of the 2H-TaS, polymorph. The trigonal
prismatic coordination results in broad dispersive bands, isotropic electronic properties, and weak electronic
correlations, facilitating conventional superconductivity. (b) Crystal structure (space group P3m1) and
schematic electronic band structure of the 1T-TaS, polymorph. The octahedral coordination environment
around Ta atoms leads to strong electronic correlations, narrow bands, and a prominent CDW state, driving
the system toward a Mott insulating ground state. (c) Crystal structure (space group P36/mmc) and
calculated band structure of the 4Hb—TaS2 polymorph, consisting of alternating layers (1T, 1T, 1H, 1H")
creating structural asymmetry. The resulting complex structure supports multiband superconductivity, local
symmetry breaking, and unconventional pairing mechanisms, including chiral superconductivity with time-
reversal symmetry breaking (TRSB). In the structural models, blue spheres represent S atoms, and red spheres
represent Ta atoms. The dashed red lines in the band structures indicate the Fermi level Er.

with the conventional superconductivity and absence of TRSB observed in our study. Therefore, our findings
reinforce the notion that TRSB is not an intrinsic characteristic of TaS, superconductors but rather emerges
under specific structural and electronic conditions.

The distinct superconducting behaviors among TaS, polymorphs exemplify a nuanced interplay between
superconductivity and CDW phenomena, governed by structural motifs, electronic band structures, and
correlation effects. In 2H-TaS,, a moderate CDW transition coexists harmoniously with conventional isotropic s-
wave BCS superconductivity. Conversely, in 1T-TaS,, intense CDW-driven lattice distortions and strong electron-
electron correlations suppress superconductivity, stabilizing instead a Mott insulating state. The intermediate
scenario in 4Hb-TaS,-characterized by structural asymmetry, multiband interactions, and pronounced CDW
order—fosters complex electronic interactions conducive to unconventional superconductivity with chiral pairing
and TRSB. These observations highlight the critical role of structural and electronic correlations in determining
the nature of superconductivity in layered quantum materials.

Collectively, the TaS, family illustrates how subtle structural and electronic perturbations in layered
quantum materials yield fundamentally different electronic ground states, ranging from Mott insulating (1T)
to conventional superconducting (2H) and chiral superconducting (4Hb) phases. This polymorphic diversity
provides an ideal platform to study exotic pairing mechanisms and correlated phenomena. Our results support
the view that bulk 2H-TaS, exhibits conventional, nodeless BCS-like superconductivity. Given the powder-
averaged nature of 11 SR and our base temperature, our measurements are insensitive to gap anisotropy or closely
spaced multi-gap scales. Nevertheless, these insights hold broader implications for other layered materials, such
as kagome metals****, twisted bilayer graphene?, and iron-based superconductors®®, where minor structural
modifications can induce transitions between conventional and topological phases.

Future theoretical investigations into interlayer hybridization and symmetry analyses will further illuminate
the essential conditions required for TRSB and guide the rational design of novel artificial heterostructures
aimed at achieving targeted superconducting properties.
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Methods

Sample preparation

Polycrystalline samples of 2H-TaS, were synthesized via chemical vapor transport (CVT) using elemental
tantalum and sulfur, with sulfur vapor acting as the transport medium. Details of the synthesis protocol are
available in Ref.””. The electrical and magnetic properties of the resulting 2H-Ta$S, samples have been previously
characterized in Refs.>*. Resistivity and magnetic susceptibility measurements confirm a superconducting
transition temperature of 7, = 1 K.

The 1T SR experiments

Muon spin rotation/relaxation (11 SR) experiments were carried out at the Dolly instrument—part of the 7E1
beamline—at the Paul Scherrer Institute (PSI) in Villigen, Switzerland. All 107 SR data were collected in a field-
cooled (FC) protocol to ensure homogeneous flux penetration during the superconducting state measurements.
The powder sample was pressed into a dense pellet and mounted on a high-purity copper foil using Apiezon N
grease to ensure thermal and mechanical stability. The sample was further secured with Kapton tape to minimize
motion during cool down and measurement. The thin copper foil has a low muon stopping fraction and hence its
contribution to asymmetry can be neglected (the muons missing the sample do not stop in the thin copper foil).
Additional background suppression was achieved through the use of a veto detector, which filters out muons that
miss the sample and reduces spurious signal contributions from surrounding components. All measurements
were performed under high-vacuum, cryogenic conditions, with the temperature varied between T = 10 K and
0.27 K to probe the normal and superconducting states of the sample.

Crystal structures and band structure calculations

Crystal structure visualizations were created using VESTA software®, and the electronic band structures were
adapted from the Materials Project database®. Details about the band structure calculations are found in
refs.*%41, Spin-orbit coupling (SOC) originating from the Ta 5d orbitals is substantial in magnitude but, in the
centrosymmetric 2H-polytype, its symmetry-allowed effects are moderate: SOC preserves Kramers degeneracy
and does not lift spin degeneracy at the Fermi surface. Nevertheless, it can mix orbital and spin characters of the
electronic states, giving rise to a temperature-independent orbital contribution to the Knight shift. The observed
reduction in the total Knight shift below Tt thus reflects suppression of the spin susceptibility (consistent with
spin-singlet pairing), while the residual value at low temperature is attributed to Ko, and demagnetization
effects.

Data availability
The data supporting the findings of this study are available through https://musruser.psi.ch/. Analysis of the data
is available from the corresponding authors on reasonable request.
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