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Evidence for nonunitary triplet-pairing superconductivity in noncentrosymmetric TaRuSi and
comparison with isostructural TaReSi
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We have studied the superconducting properties of the isostructural ternary noncentrosymmetric supercon-
ductors TaXSi (X = Re, Ru) with the help of muon spin rotation/relaxation (μSR) and density functional theory
calculations. Our transverse-field μSR measurements indicate isotropic s-wave superconductivity in TaReSi and
multigap superconductivity in TaRuSi. Zero-field μSR measurements, highly sensitive to very small magnetic
fields, find no evidence of spontaneous fields in the superconducting state of TaReSi, whereas we observe
small spontaneous fields that onset with superconductivity indicating broken time-reversal symmetry (TRS)
superconductivity in TaRuSi. Using density functional theory calculations, we find that spin-orbit coupling is
relatively weak in TaRuSi and strong in TaReSi. Using symmetry analysis, we attribute the broken TRS in
TaRuSi to a nonunitary triplet pairing state. Such a state is not allowed in the presence of strong spin-orbit
coupling: our finding of no evidence for broken TRS in TaReSi is consistent with this expectation.
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Understanding the origins of unconventional superconduc-
tivity has remained a key challenge, despite decades-long
research efforts. The role of the underlying crystal structure
has been recognized for its role in determining the allowed
symmetries of the superconducting state [1]. The discovery
of coexisting heavy-fermion superconductivity and antiferro-
magnetism in CePt3Si [2,3] showed the potential importance
of the absence of inversion symmetry for selecting the su-
perconducting and magnetic state. In superconductors with
crystal structures lacking inversion symmetry, i.e., noncen-
trosymmetric superconductors (NCSs), parity is not a good
quantum number, and electronic antisymmetric spin-orbit
coupling (ASOC) is allowed by symmetry. This relaxed sym-
metry in NCS systems, in the presence of strong ASOC, can
give rise to the formation of a mixture of spin-singlet and
spin-triplet Cooper pairs [4–8]. Such a superconducting state
can go beyond conventional BCS-like superconductivity with
various exotic features like time-reversal symmetry (TRS)
breaking, zeros or multiple gaps in the energy spectrum,
and topologically protected nontrivial surface states [9–16].
Nevertheless, there are multiple examples of unconventional
superconductors with weak ASOC that break time-reversal
symmetry, for example, LaNiC2 [17], La7X3 (X = Ir, Rh,
Ni) [9,18,19], SrPtAs [20], and CaPtAs [21]. In particular,
the point-group symmetry of LaNiC2, which is also the point
group of TaXSi, dictates that the only superconducting states
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consistent with time-reversal symmetry are nonunitary triplet
pairing states [17]. It was argued from symmetry analysis that
TRS breaking in the superconducting state of these systems is
only possible in the limit of weak spin-orbit coupling [22].

Moreover, the nature of superconductivity, affected by tun-
ing the strength of ASOC, where the crystal structure remains
the same, has not been widely studied thus far. TaXSi (X
=Ru/Re) is an ideal candidate system for such a study due
to the presence of heavier Re atoms and lighter Ru atoms,
which leads to varying levels of spin-orbit coupling. The pres-
ence of heavier Re atoms in the crystal structure of TaReSi,
which contributes to the higher ASOC, highlights other as-
pects of the discussion on unconventional superconductivity,
with higher Re concentration being considered as the driving
factor for the unconventional nature of some superconduc-
tors [23]. An interesting case study is available on the α-Mn
structured Re6X family where the TRS broken state is ob-
served irrespective of the X element [24–26] while a few other
compounds from the same family with lesser Re concentra-
tion have shown preserved TRS [27,28]. A recent study on
the type-I superconductor phase of elemental Re attributes
the temperature-dependent muon relaxation behavior to muon
diffusion [29], indicating that the nature of the superconduct-
ing state (type-I/type-II, TRS) may be highly sensitive to
precise sample details in this elemental superconductor.

There are many examples of superconductors with noncen-
trosymmetric structures that exhibit conventional behavior,
raising questions about the selective appearance of non-BCS
characteristics [30–38]. Therefore, the current understanding
of the NCS superconductors can be improved via further
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FIG. 1. (a) Transverse field asymmetry spectra in the normal and the superconducting states of TaReSi in rotating reference frame with
frequency γμ45 mT show increased relaxation in the superconducting state due to the formation of flux-like lattice. These spectra were
measured in the 51 mT transverse field. (b) The temperature dependence of muon depolarization rate and fit to dirty and clean limit BCS
models. (c) Transverse field asymmetry spectra in the normal and superconducting state of TaRuSi in a rotating reference frame with frequency
γμ90 mT. These spectra were measured in the applied transverse field of 102 mT. (d) Fits of the temperature dependence of muon depolarization
rate (σ ) at applied fields of 102 mT. The inset shows the relaxation rate curve expanded in the 0 K to 1 K temperature range, demonstrating
how the s + d or s + p wave models fit better than the other models.

experimental investigations into the unconventional nature of
superconductors. Here we report the investigations of TaXSi
(X = Re, Ru) via muon spin rotation and relaxation (μSR)
[39], which is a highly sensitive technique that can detect
spontaneous magnetic fields characteristic of broken time-
reversal symmetry and the presence/absence of nodes in the
superconducting gap. We employ density functional theory to
determine the electronic states and the effects of spin-orbit
coupling in TaReSi and TaRuSi, which crystallize in the non-
centrosymmetric orthorhombic TiFeSi-type structure (space
group Ima2) [40,41]. This structure falls under the globally
stable nonsymmorphic symmetry, which can host nontrivial
topological features [42,43].

The samples for this study were synthesized by arc-melting
pure Ta, Re/Ru, and Si powders in stoichiometric ratios under
an inert atmosphere. We confirmed bulk superconductivity
in our samples with the help of electrical transport, mag-
netization, and specific heat measurements, which exhibited
superconducting transitions at 5.32 K and 3.91 K, respec-
tively, for TaReSi and TaRuSi. More details on the synthesis
and characterization of the polycrystalline samples used in
this study are described in [41].

Muon spectroscopy measurements were performed at the
M15 and M20 beamlines at TRIUMF’s Centre for Molecular
and Material Science at Vancouver, which are equipped with a
dilution refrigerator and He4 cryostat, respectively. The sam-
ples were cut into small plates with the help of a diamond
saw and were mounted on the silver sample holder (cold

finger), utilizing copper grease for good thermal conductivity
in the dilution refrigerator and in a helium-exchange gas-
cooled low-background insert in the He4 cryostat. We further
secured the samples with a thin silver foil before mounting
them into the dilution refrigerator. We zeroed the magnetic
field at the sample within an accuracy of 10–20 mG for zero-
field (ZF) μSR using muonium atoms through the method
described by Morris and Heffner [44]. The ZF-μSR mea-
surements were performed in non-spin-rotated mode while
transverse-field (TF) μSR measurements were performed in
spin-rotated mode, which involves rotating the muon spins
perpendicular to the beam velocity before landing in the sam-
ple, and the field along the beam direction is applied to the
sample. The μSR data were analyzed with MUSRFIT software
[45] to obtain physical parameters.

Transverse-field μSR can be used to examine a super-
conductor in its vortex state to determine the temperature
dependence of the magnetic penetration depth and, from
that, the energy gap. During the transverse-field measure-
ments, we cooled the samples in the 51 mT and 102 mT
fields, respectively, for TaReSi and TaRuSi, which were well
above the lower critical field for each compound. The field-
cooling procedure ensures a well-ordered flux line lattice. The
application of the magnetic field has reduced the supercon-
ducting transition temperature compared to those obtained
through zero-field transport measurements. Typical time evo-
lutions of the asymmetry spectra for both compounds are
shown in Figs. 1(a) and 1(c). For both compounds, the

144510-2



EVIDENCE FOR NONUNITARY TRIPLET-PAIRING … PHYSICAL REVIEW B 108, 144510 (2023)

TABLE I. Muon depolarization fitting parameters and resultant superconducting state parameters (c.l. = clean limit, d.l. = dirty limit).

�0 Tc λ(0) ns/(m∗/me)
Model (meV) (K) �0/kBTc Fraction χ 2 (nm) (1026 m−3)

TaReSi s-wave c.l. 0.765(15) 4.89(9) 1.82(5) 0.75 561 0.90
s-wave d.l. 0.627(23) 4.82(8) 1.51(6) 0.78 561 0.90

TaRuSi s-wave c.l. 0.489(6) 3.47(3) 1.632(25) 0.944 365 2.1
s-wave d.l. 0.368(8) 3.43(2) 1.246(30) 0.98 364 2.1
s+s wave 0.53(7), 0.39(20) 3.46(4) 1.77(23), 1.3(7) 0.77(66) 1.02 365 2.1
s+d wave 0.51(11), 0.5(9) 3.45(3) 1.7(4), 2(7) 0.84(65) 0.79 357 2.2
s+p wave 0.51(1), 0.6(9) 3.45(3) 1.7(2), 2(3) 0.84(30) 0.79 357 2.2

asymmetry spectra are shown in a rotating reference frame for
clarity.

In the mixed state, the presence of a flux line lattice (FLL)
creates an inhomogeneous field distribution, which gives rise
to a decay of the precession signal as a function of time. The
asymmetry spectra were fitted using a two-term sinusoidal
decaying function,

GTF(t ) = A

[
F exp

(−σ 2t2

2

)
cos(ω1t + φ)

+ (1 − F ) exp(−ψt )cos(ω2t + φ)

]
. (1)

Here, the first term accounts for the signal from the sample,
and the second term accounts for the signal from the sil-
ver sample holder (present in the dilution refrigerator data).
F is the sample fraction of the signal, while ω1 and ω2

correspond to the muon precession frequencies in the sam-
ple and the background, respectively, while A is the total
asymmetry and φ is the initial phase of the muons. The de-
polarization rates for the sample and background signals are
denoted as σ and ψ . The total sample signal depolarization
σ contains the contribution from flux line lattice (σsc) and the
small, temperature-independent contribution from randomly
oriented nuclear dipole moments (σN ), which are added in
quadrature. Hence, the contribution from FLL can be obtained

as σsc =
√

σ 2 − σ 2
N . The superconducting relaxation rate

(σsc) represents the mean squared inhomogeneity in the field,
〈(�B)2〉, experienced by the muons due to the underlying flux
line lattice [46], where 〈(�B)2〉 = 〈(B − 〈B〉)2〉, giving the
relaxation rate for the FLL,

σ 2
sc = γ 2

μ〈(�B)2〉, (2)

where γμ (= 2π × 135.5 MHz/T) is the muon gyromag-
netic ratio. The transverse-field relaxation rate σ is plotted in
Figs. 1(b) and 1(d) for TaReSi and TaRuSi, respectively.

For small applied fields (H/Hc2 � 1), the penetration
depth can be calculated from the relaxation rate using Brandt’s
formulas [47] for a triangular Abrikosov vortex lattice:

σsc(T ) = 0.0609 × γμφ0

λ2(T )
. (3)

Here, σsc(T ) is in µs−1, λ(T ) is in nm, and φ0 (2.067 ×
10−15 Wb) is the magnetic flux quantum. Hence, the temper-
ature dependence of the relaxation rate is related to that of

penetration depth:

σsc(T )

σsc(0)
= λ−2(T )

λ−2(0)
. (4)

Within BCS theory the temperature dependence of the energy
gap [48], �(T, k̂), is given by

�(T, k̂) = �(0) tanh

{
1.82

[
1.018

(
Tc

T
− 1

)]0.51
}

gk̂, (5)

where �(0) is the gap magnitude at zero temperature. The
term gk̂ in Eq. (5) accounts for the orientation (k̂) dependence
of the gap function and can be substituted with 1 for an s-
wave model, | cos(2φ)| for a d-wave model, and | sin(φ)| for
a p-wave model, where φ is the azimuthal angle.

The temperature dependence of the superconducting gap
can be obtained from that of penetration depth in the dirty
limit using the relation

λ−2(T, k̂)

λ−2(0)
=

〈
�(T, k̂)

�(0)
tanh

[
�(T, k̂)

2kBT

]〉
, (6)

and in the clean limit,

λ−2(T )

λ−2(0)
= 1 + 2

〈∫ ∞

|�(T,k̂)|

(
δ f

δE

)
EdE√

E2 − �2(T, k̂)

〉
, (7)

where f = [1 + exp(E/kBT )]−1 is the Fermi function, and
the quantities in the angular brackets are averaged over the
Fermi surface. In order to check for a possible multigap nature
as was inferred from susceptibility measurements [41], we
have also performed a two-gap model fitting, where the total
depolarization is expressed as a sum of two components,

σ−2
FLL(T )

σ−2
FLL(0)

= x
σ−2

FLL(T,�0,1)

σ−2
FLL(0,�0,1)

+ (1 − x)
σ−2

FLL(T,�0,2)

σ−2
FLL(0,�0,2)

, (8)

where �0,1 and �0,2 are the gap values at zero temperature
and x and (1 − x) are the weights corresponding to the two
gaps. We have fitted the data using s + s, s + p, and s + d
wave models. The results of the fit are presented in Table I
with the plots shown in Fig. 1(b) and 1(d) for TaReSi and
TaRuSi, respectively.

The arc-melted samples of TaReSi and TaRuSi exhibit
a normal-state mean free path smaller than the coherence
length [41], likely placing them in the dirty superconducting
limit. The ratio of the superconducting gap values to kBTc
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in the dirty limit are 1.51(6) and 1.246(30) for TaReSi
and TaRuSi, respectively, which are smaller than the weak-
coupling limit of the BCS ratio (namely 1.76) and therefore
unphysical, and thus require an explanation going beyond
weak-coupling BCS. Possible explanations for this smaller
ratio could include the presence of multiple superconducting
gaps, a highly anisotropic s-wave gap, or gap nodes (such as
would exist for a d-wave gap). It should be noted that the
superconducting-state mean free path is unknown and could,
in principle, be larger than the normal-state value and the
superconducting coherence length, which would correspond
to clean limit superconductivity. In the clean limit, TaReSi’s
superfluid density fits to an isotropic gap ratio of 1.81(5) (near
the BCS value), and TaRuSi fits to 1.632(25) (still less than
BCS). The measured superfluid density for TaRuSi produces
the best goodness of fit for the double gap models with nodes,
i.e., s + d or s + p, as shown in Table I. The considerable
uncertainty in the magnitude of the d-wave or p-wave gap is a
reflection of the fact that the changing relaxation rate σFLL at
low temperature reflects the thermal excitation of normal-state
quasiparticles near the gap zeros, which are not sensitive to
the overall gap magnitude. The presence of multiple gaps and
the possibility of gap anisotropy would affect the temperature
dependence of σFLL, which makes a definitive statement on
the gap symmetry impossible beyond its nodal character: it is
difficult to distinguish whether the gapless state is p or d wave.
Phase-sensitive techniques or measurements sensitive to �λ

at low temperature (μSR is sensitive to 1/λ2) would be better
suited for distinguishing between these two possibilities. We
note that the low specific heat jump [41] observed in TaRuSi is
also evidence for a nodal gap. Values of the zero-temperature
penetration depth, λ(0), obtained for TaRuSi and TaReSi are
365 nm and 561 nm, respectively, in the clean limit; the values
obtained from other models are very similar and can be found
in Table I. Subsequently, we calculated ns(0)/(m∗/me) which
results in 2.1 × 1026 m−3 and 0.90 × 1026 m−3 for TaRuSi
and TaReSi, respectively. Here, m∗ is the effective mass of
the superconducting carrier, and ns is the superfluid density.
Using m∗ from Ref. [41], the calculated superfluid densities
are 0.061 and 0.021 per formula unit for TaRuSi and TaReSi,
respectively. These values are an order of magnitude smaller
than the normal-state carrier concentrations, which is the
case with many unconventional superconductors. The Fermi
temperatures, TF, obtained with the help of the Sommerfeld
coefficient, γn, from Ref. [41] are 848 K and 486 K for TaRuSi
and TaReSi, respectively. These TF values put these super-
conductors in close proximity to other exotic superconductors
on the Uemura plot [49–51], as shown in Fig. 2. According
to the Uemura classification, the ratio Tc/TF is in the range
0.01 � Tc/TF � 0.1 for unconventional superconductors and
Tc/TF � 0.001 for conventional superconductors.

Muon spin relaxation measurements performed in the zero-
field (ZF) configuration can give unambiguous evidence of a
spontaneous magnetic field originating from a TRS-breaking
superconducting state. ZF spectra for both samples were col-
lected at temperatures above and below the superconducting
transition, as shown in Figs. 3(a) and 3(b). In the absence
of static electronic moments, the muon ensemble polarization
decays due to randomly oriented nuclear magnetic moments
and is generally described by the Gaussian Kubo-Toyabe
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function GKT(t )

GKT(t ) = 1

3
+ 2

3
(1 − σ 2t2) exp

(
−σ 2t2

2

)
, (9)

where σ reflects the width of the nuclear dipolar field experi-
enced by the muons.

We fit our ZF spectra with the following relaxation func-
tion,

A(t ) = A1GKT(t )exp(−
t ) + ABG, (10)

where A1 is the sample asymmetry, ABG is the background
asymmetry, and the additional relaxation term exp(−
t ) ac-
counts for any additional relaxation channels (such as broken
TRS). The spectra corresponding to TaReSi are seen to relax
more rapidly than those for TaRuSi, which can be attributed
to the larger nuclear magnetic moment of Re in comparison
to Ru. In the absence of broken time-reversal symmetry, the
ZF-μSR asymmetry spectra will be temperature independent.
However, when there is a spontaneous magnetic field due to
broken time-reversal symmetry in the superconducting state,
an additional relaxation of the muon polarization appears
below Tc. In the case of TaRuSi, such a small yet clearly
visible difference in the asymmetry spectra can be observed in
Figs. 3(b) and 3(e) while the spectra for TaReSi are tempera-
ture independent as evident from Figs. 3(a) and 3(d). First, we
performed the analysis of asymmetry spectra using Eq. (10),
where 
 was kept temperature independent while the Kubo-
Toyabe relaxation rate σ was allowed to vary with temperature
in accordance with Refs. [52,53]; these results are plotted in
Figs. 3(a)–3(c). Second, we analyzed the asymmetry-spectra
temperature-dependent 
 and temperature-independent σ as
depicted in Figs. 3(d) and 3(e). Both models describe the
data well for TaReSi. For TaReSi, the fitted values of 


and σ are temperature independent as shown in the inset of
Figs. 3(a) and 3(d) characteristic of preserved time-reversal
symmetry. We estimated the maximum value of the magnetic
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FIG. 3. Zero-field muon spectra collected at temperatures above and below Tc for TaReSi where asymmetry spectra were fitted with
temperature-dependent (a) σ and (d) 
. The spectra for TaReSi have shown no noticeable difference across Tc as evident from the relaxation
rate [inset (a) σ and inset (d) 
] versus temperature graph. Zero-field muon spectra collected at temperatures above and below Tc for TaRuSi
are shown where the asymmetry spectra were fitted with temperature-dependent (b) σ and (e) 
. The temperature dependence of relaxation
rate (c) 
 and (f) σ measured on M15 and M20 spectrometers show an increment below Tc for TaRuSi. The curve below Tc is a linear fit to the
data, and the constant line above Tc is the average of the points above Tc.

field that could exist in TaReSi within our fit uncertainties to
be 0.003 mT.

We note that σ and 
 are highly correlated when the
relaxation is weak and can therefore trade off against each
other when allowed to vary simultaneously, obscuring the
observation of any increase in overall relaxation. We observe a
small but clear increase in the Kubo-Toyabe relaxation rate σ

for TaRuSi as the temperature is decreased below Tc as shown
in Fig. 3(c). Similarly, we observed an increase in relaxation
rate parameter 
 when σ was kept temperature independent as
shown in Fig. 3(f). A temperature-independent value of the re-
laxation rates above Tc with an increase below Tc, irrespective
of the fitting method, indicates the onset of a small sponta-
neous magnetic field in the superconducting state for TaRuSi,
a behavior characteristic of broken time-reversal symmetry
in the superconducting state. The increase in relaxation is
consistent with an onset temperature of the superconducting
Tc; however, we cannot make a definitive statement on the
precise onset temperature due to the relatively large error bars
in the relaxation rate. We note that neither our transverse-
field measurements or any bulk measurements (susceptibility,
resistivity, specific heat) show evidence of multiple phase
transitions, making it most likely that the relaxation increases
from TC . From the average increase in the ZF relaxation rate,
the magnitude of the spontaneous field can be estimated as√

2�σ/γμ � 0.010 mT. This value is less than that reported
for TRS-breaking superconductors UPt3 [53] and Sr2RuO4

[52]; however, it is comparable to weakly correlated noncen-
trosymmetric superconductors Re6X (X = Zr, Hf, Ti) [24–26],

La7X3 (X = Ir, Rh, Ni) [9,18,19], and LaNiC2 [17]. Recent,
related works also report a time-reversal symmetry break-
ing superconducting state in TaRuSi [54] and apparently a
time-reversal symmetry preserving superconducting state in
TaReSi [55], in agreement with our results presented here.

To further characterize TaXSi, we have performed fully rel-
ativistic electronic structure calculations using the plane-wave
pseudopotential formalism of density functional theory (DFT)
as implemented in the Quantum Espresso code [56]. For the
exchange-correlation functional, we have used the generalized
gradient approximation [57]. A 6 × 6 × 6 Monkhorst-Pack
k-point grid was used to sample the Brillouin zone in the DFT
self-consistency cycle, while the density of states and Fermi
energy were computed using a dense 24 × 24 × 24 k-point
grid. We have used a kinetic energy cutoff of 100 Ry for the
wave functions and 400 Ry for the charge density. Projector
augmented-wave pseudopotentials with nonlinear core correc-
tion, as provided in the PSlibrary, were used. The unit cell
and atomic positions are relaxed until forces on each atom
are less than 10−3 Ry/bohr. The experimentally determined
lattice constants [41] were used as a starting condition for
the relaxation. The resulting lattice constants are a = 7.02 Å,
b = 11.56 Å, and c = 6.70 Å for TaReSi, and a = 7.30 Å,
b = 11.20 Å, and c = 6.51 Å for TaRuSi and are in excellent
agreement with the values reported in Ref. [41], which were
measured using x-ray diffraction at room temperature.

Figure 4 shows the computed DFT band structure for both
materials with and without SOC as well as the total and atom-
projected density of states. Fermi surface sections obtained
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(a)

(b)

(c) (d)

FIG. 4. (a) TaReSi band structure with SOC (blue) and without SOC (black). (b) TaReSi total (black), Re-projected (blue), and Ta-projected
(red) density of states with SOC. (c) and (d) The same quantities were calculated for TaRuSi as in (a) and (b), respectively.

from our DFT calculations with and without SOC are shown
in Fig. 5. For both compounds, we have found multiple Fermi
surface sheets, allowing for the possibility of multigapped su-
perconductivity. Figure 4 also shows that bands near the Fermi
energy for TaReSi are significantly altered by SOC, while
bands near the Fermi energy for TaRuSi are only slightly
altered by the inclusion of SOC. Similarly, by comparing the
top and bottom rows of plots in Fig. 5, it can be seen that
there is a large splitting of Fermi surface sections due to SOC
for TaReSi, and a relatively much weaker splitting of Fermi
surface sections for TaRuSi.

A common measure of the ASOC energy, EASOC, is ob-
tained through estimating the band splitting near the Fermi

energy [58]. It can be seen in Fig. 4 that, for TaRuSi, the band
splitting is at most about 50 meV, while for TaReSi, the band
splitting is well over 100 meV for multiple bands near the
Fermi energy. We have also computed the band splitting for
each band which crosses the Fermi energy over 32 × 32 ×
32 k-points in the first Brillouin zone. For TaRuSi, we find that
the band splitting is at most 100–150 meV only for k points
on a few small pockets of the Fermi surface, and less than
70 meV for all k points comprising the larger branches of the
Fermi surface. We have not observed a large band splitting
of 300 meV as stated in Ref. [54] at any k point within the
first Brillouin zone for any of the bands which cross the Fermi
energy. In contrast, for TaReSi, much of the band splitting

FIG. 5. Fermi surface plots for TaReSi and TaRuSi with and without SOC. The effect of SOC on splitting the Fermi surfaces can be
seen by comparing the top row to the bottom two rows in the case of (a) TaReSi and (b) TaRuSi. Fermi surface sections plotted in (a) differ
significantly between the top and bottom rows, indicating the strong effect of SOC on Fermi surface splitting for TaReSi. However, the Fermi
surface sections plotted in the top row of (b) are close to those of the bottom rows, indicating a weak effect of SOC on Fermi surface splitting
for TaRuSi.
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for k points across the entire Fermi surface is greater than
100 meV. Using the band splittings which we have computed
across the first Brillouin zone, we have computed the average
band splitting for each system, which we refer to as EASOC. In
computing EASOC, we only consider k points at which one of
the split bands is above the Fermi energy and the other below
the Fermi energy. We have found that EASOC = 41 meV for
TaRuSi and EASOC = 81 meV for TaReSi. Our results show
that the effects of SOC on the band structure for TaRuSi
(TaReSi) are relatively weak (strong) when compared with
other noncentrosymmetric superconductors. For example, the
band splittings for TaRuSi and TaReSi are comparable to
those of LaNiC2 [59] and CePt3Si [10], respectively.

The electron-phonon coupling strength is estimated
through the renormalization factor, 1 + λe−ph [60], required
to match the computed density of states at the Fermi en-
ergy, D(EF), to the values of 2.28 and 3.34 states

eV f.u.
obtained

through measurements of the Sommerfeld constant for TaReSi
and TaRuSi, respectively [41]. From the calculated density
of states, we have obtained D(EF) = 1.26 and 1.78 states

eV f.u.

giving the estimates λe−ph = 0.81 and 0.88 for TaReSi and
TaRuSi, respectively. Both values are close to the values
obtained previously from the McMillan formula [41] and in-
dicate moderate electron-phonon coupling in both materials.
From the atom-projected DOS, we observe that Ta and Re/Ru
orbitals are hybridized, with each contributing equally to
conduction.

The results we have obtained for TaRuSi can be compared
with what has been observed for LaNiC2. Both systems break
TRS and share the same point group, C2v . Therefore, the sym-
metry analysis of Ref. [22] is applicable to TaRuSi as well.
In particular, since C2v has only one-dimensional irreducible
representations, TRS breaking in the superconducting state is
only possible when SOC is weak. This is compatible with the
small band splitting due to SOC which we have obtained from
our DFT calculations for TaRuSi. It is also consistent with
the preservation of TRS observed in TaReSi, for which we
have shown that there is significant band splitting due to SOC.
Furthermore, like TaReSi, ThCoC2 has the same point group,
C2v , DFT calculations indicate large band splitting due to SOC
of 150 meV averaged over the first Brillouin zone [61], and
TRS is preserved in the superconducting state [62]. Following
the analysis of Ref. [22], only a nonunitary triplet-pairing state
is compatible with our observations of TRS breaking in the
superconducting state of TaRuSi. All such states necessar-
ily exhibit gap nodes, consistent with our penetration depth
measurements. It is suspected that Hund’s coupling between
electrons on Ni orbitals could provide the pairing mechanism
for nonunitary triplet pairing in LaNiC2 [63] and LaNiGa2

[64,65]. Similar arguments could be made for describing

the possible triplet-pairing mechanism in TaRuSi given that
Hund’s coupling is also significant in many Ru-based materi-
als [66,67].

It was speculated that large ASOC in Li2Pt3B relative to
that of Li2Pd3B could explain significant spin-triplet pairing
and line nodes in the energy gap of Li2Pt3B, while Li2Pd3B,
which has smaller ASOC, exhibits spin-singlet pairing and an
s-wave gap [68]. Similarly to the case of Li2Pd3B, electronic
structure calculations for BaPtSi3 have shown a small band
splitting near the Fermi surface due to ASOC [69] while
specific heat measurements are in line with what is expected
for a fully gapped spin-singlet-pairing superconductor [69].
This, along with our results, suggests that strong ASOC can
drive superconducting systems to unconventional or conven-
tional superconductivity for some underlying crystal structure
symmetries.

In conclusion, we have studied two isostructural supercon-
ductors, TaRuSi and TaReSi, via zero-field and transverse-
field μSR and DFT calculations. We have shown that the
inclusion of ASOC in our DFT calculations significantly mod-
ifies the electronic structure of TaReSi when compared with
DFT calculations neglecting ASOC, producing a large band
splitting of over 100 meV for multiple bands near the Fermi
energy. In contrast, the electronic structure of TaRuSi is only
weakly affected by the inclusion of ASOC, with an average
band splitting of about 40 meV. Given that each of these
compounds share the point-group symmetry, C2v , and that
TaRuSi is shown to break TRS in the superconducting state
while TaReSi does not, our results are in alignment with the
symmetry analysis of Ref. [22] for superconductors with the
C2v point-group symmetry. That is, we have only observed
TRS breaking in the case of weak SOC, leading us to conclude
that the superconducting state for TaRuSi is a nonunitary
triplet-pairing state. TaRuSi would therefore be the first sys-
tem other than LaNiC2 with the point group C2v to host such a
nonunitary triplet-pairing state. Our fits of the transverse field
μSR data indicate fully gapped superconductivity in TaReSi
while we find superconductivity with gap nodes in TaRuSi,
which is expected from symmetry analysis [22] for a broken
time-reversal symmetry state.
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