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The ThIrSi superconductor, with Tc = 6.5 K, is expected to show unusual features in view of its noncentro-
symmetric structure and the presence of heavy elements featuring a sizable spin-orbit coupling. Here, we
report a comprehensive study of its electronic properties by means of local-probe techniques: muon-spin
rotation and relaxation (SR) and nuclear magnetic resonance (NMR). Both the superfluid density ρsc(T ) (de-
termined via transverse-field SR) and the spin-lattice relaxation rate T−1

1 (T ) (determined via NMR) suggest
a nodeless superconductivity. Furthermore, the absence of spontaneous magnetic fields below Tc , as evinced
from zero-field SR measurements, indicates a preserved time-reversal symmetry in the superconducting
state of ThIrSi. Temperature-dependent upper critical fields as well as field-dependent superconducting
muon-spin relaxations suggest the presence of multiple superconducting gaps in ThIrSi.

I. INTRODUCTION

Superconductors whose crystal structures lack an inver-
sion center are known as noncentrosymmetric superconduc-
tors (NCSCs) and represent appealing systems for investi-
gating unconventional- and topological superconductivity
(SC) [1–11]. Since in NCSCs parity is not a good quantum
number, this allows for the presence of an antisymmetric
spin-orbit coupling (ASOC), which lifts the degeneracy of
the conduction-electron bands and splits the Fermi surface.
Consequently, both intra- and inter-band Cooper pairs can
be formed, resulting in an admixture of spin-singlet and
spin-triplet pairings [1, 2]. Unfortunately, in actual NCSCs
systems, while some of them, like Li2Pt3B, do indeed exhibit
spin-triplet pairing [12], many others do not. For instance,
previous studies on some highly-anticipated NCSCs, such
as Re7B3[13], W3Al2C [14], Mo3Al2C[15] and NbReSi [16],
reveal no spin-triplet superconductivity, despite sizable SOC
interactions.

However, spin-triplet superconductivity is not the only
possible outcome of ASOC. Since ASOC causes the splitting
of the Fermi surface, it may conceivably also constitute a
generic mechanism to achieve two-band superconductivity.
The latter has been a prominent issue following the discov-
ery of superconductivity in MgB2 [17], where the presence
of strongly anisotropic σ-bands and isotropic π-bands gives
rise to two-band SC [18]. Since then, efforts have been
made to investigate and understand two-band superconduc-
tivity also in other materials. Among the most promising
two-band superconductors are the sesquicarbides, which
comprise the La2C3 and Y2C3 NCSCs. NMR [19] and SR
studies [20] of sesquicarbides provide hints of multigap su-
perconductivity, with both bands proposed to be of s-type,
thus implying a two-band (s+ s) model. On the other hand,
heat-capacity-[21] and tunneling break-junction measure-
ments [22] on the same compounds indicate a conventional
s-type single-band superconductivity. Hence, the question
of whether the sesquicarbides can be described by a two-
band- or by a single-band model is still controversial. Such
controversy is largely due to the fact that, in the proposed
two-band model of sesquicarbides, the average gap value is
close to the BCS theoretical value 2∆/kBTc = 3.52, making
it experimentally challenging to distinguish between the two
cases. A two-band model was also used to describe the SR

results in NbReSi [16], where again the two bands have
similar gap values, so the additional band does not signif-
icantly affect the physical properties of this system. As for
ThIrSi, object of the current study, previous DFT calculations
have shown the presence of multiple bands near the Fermi
surface [23], hence strongly suggesting that also ThIrSi may
exhibit multiband superconductivity.

Ternary equiatomic transition-metal silicides of the ThTSi
family, with T = Co, Ir, Ni, and Pt, have been known since
the eighties [24–27]. The original focus was on their synthe-
sis and structural characterization, followed by the detection
of superconductivity through electrical resistivity measure-
ments [25, 26]. Later on, these first results were comple-
mented by more detailed specific-heat and contact-point
spectroscopy investigations [27]. In recent years, interest
in ternary transition-metal silicides was re-ignited by the
discovery of spin-triplet SC in LaT(Si,Ge) Weyl nodal-line
semimetals, whose time-reversal symmetry (TRS) is broken
in the superconducting state [28]. Yet, less is known about
their thorium conterpart.

Here, we revisit the ThTSi family in more detail and re-
port about a comprehensive study of superconductivity in
ThIrSi by means of SQUID magnetometry, SR, and NMR.
Below we show that ThIrSi is an unambiguous example
of a NCSC that exhibits nodeless superconductivity. All
our results show features typical of fully-gapped supercon-
ductors. The temperature-dependent superfluid density is
compatible with either a single-band s-wave model with
∆/kBTc = 2.10(5), or with a two-band (s+ s) model, with
∆α = 1.90(5)kBTc and ∆β = 2.20(5)kBTc . This uncertainty
about multiband nature is resolved by measurements of
temperature-dependent upper critical fields and of field-
dependent muon-spin relaxation in the SC state, both of
which clearly suggest multiband superconductivity in ThIrSi.

II. EXPERIMENTAL DETAILS

Polycrystalline ThIrSi samples were prepared by arc melt-
ing stoichiometric amounts of Th (99.9%), Ir (99.95%),
and Si (99.9999%) in a water-cooled copper hearth under
argon atmosphere. No weight loss was observed during
the melting process. The obtained arc-melted button was
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FIG. 1. (a) Temperature dependence of the magnetic susceptibility
χV(T ), in SI units, measured at 1 mT. The inset shows the crystal
structure of ThIrSi. (b) Field-dependent magnetization curves
collected at various temperatures after cooling the sample in zero
field. (c) Lower critical fields Hc1 vs. temperature. Solid lines are
fits to µ0Hc1(T) = µ0Hc1(0)[1− (T/Tc)2]. For each temperature,
Hc1 was determined as the value where M(H) starts deviating from
linearity. Both magnetic susceptibility values and lower critical
fields were corrected by accounting for the demagnetization factor.

flipped over and melted repeatedly to ensure homogeneity.
The as-cast samples were then wrapped in a tantalum foil
and annealed in a quartz tube under vacuum at 1000◦C for
one week. The crystal structure of the resulting alloy was
checked at ambient temperature by means of powder x-ray
diffraction using Cu Kα radiation. This confirmed a non-
centrosymmetric tetragonal structure of LaPtSi-type with
space group I41md (No. 109) [see inset in Fig. 1(a)]. Mag-
netization measurements were performed on a Quantum
Design magnetic property measurement system.

The bulk SR measurements were carried out at the general-
purpose surface-muon instrument (GPS) of the Swiss muon
source at Paul Scherrer Institut, Villigen, Switzerland. In this
study, we performed two types of experiments: transverse-
field (TF)-, and zero-field (ZF)-SR measurements. As to the
former, it allowed us to determine the temperature evolu-
tion of the superfluid density. As to the latter, we aimed at
searching for a possible breaking of time-reversal symmetry
in the superconducting state of ThIrSi. To avoid the effects
of stray magnetic fields during the ZF-SR measurements, all
magnets were preliminarily degaussed. The SR spectra were
collected upon sample heating and then analyzed by means
of the musrfit software package [29].

The 29Si NMR measurements, including line shapes and
spin-lattice relaxation times, were performed on ThIrSi in
powder form in a magnetic field of 3 T. The NMR reference
frequency ν0 was determined from the 29Si resonance signal
in tetramethylsilane (TMS). Subsequently, the 29Si NMR
shifts were calculated with respect to ν0. To cover the 2
to 300 K temperature range we used a continuous-flow CF-
1200 cryostat by Oxford Instruments, with temperatures
below 4.2 K being achieved under pumped 4He conditions.
The 29Si NMR signal was detected by means of a standard
spin-echo sequence consisting of π/2 and π pulses of 3 and
6 s, with recycling delays ranging from 1 to 60 s in the 2–
300 K temperature range. The line shapes were obtained
via fast Fourier transform (FFT) of the echo signal. Spin-
lattice relaxation times T1 were measured via the inversion-

recovery method, using a π–π/2–π pulse sequence. In all
the measurements, phase cycling was used to systematically
minimize the presence of artifacts.
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FIG. 2. (a) Temperature-dependent magnetization curves M(T, H)
for various applied magnetic fields. (b) Upper critical fields Hc2
vs. transition temperature Tc . The dash-dotted-, dotted-, and solid
lines represent fits to the WHH, GL, and TB models, respectively.

III. RESULTS AND DISCUSSION

A. Magnetization measurements

The bulk superconductivity of ThIrSi was first character-
ized by magnetic-susceptibility measurements, using both
field-cooled (FC) and zero-field-cooled (ZFC) protocols in an
applied field of 1 mT. As shown in Fig. 1(a), a clear diamag-
netic signal appears below the superconducting transition
at Tc = 6.4 K. A rather sharp transition (with a ∆T ∼ 0.4 K)
indicates a good sample quality. After accounting for the
demagnetizing effects, we find an almost 100% supercon-
ducting shielding fraction, suggestive of bulk SC, definitely
confirmed by SR measurements (see below).

To determine the lower critical field Hc1, the field-
dependent magnetization M(H) of ThIrSi was measured
at various temperatures up to 6 K. Figure 1(b) shows the
M(H) curves at various temperatures. The estimated Hc1
values as a function of temperature (accounting also for a
demagnetization factor) are summarized in Fig. 1(c). The
solid lines are fits to µ0Hc1(T ) = µ0Hc1(0)[1− (T/Tc)2] and
yield a lower critical field µ0Hc1(0) = 6.8(1) mT for ThIrSi.

We also performed temperature-dependent magnetiza-
tion measurements M(T, H) at various applied magnetic
fields up to 7 T. For each field, Tc was determined from
the intersection of two straight lines drawn on the normal
and transition region. As shown in Fig. 2(a), upon increas-
ing the magnetic field, the superconducting transition in
M(T) becomes broader and shifts to lower temperatures.
Figure 2(b) summarizes the superconducting transition tem-
perature Tc vs. the applied magnetic field, as identified from
the M(H, T) data of ThIrSi. The Hc2(T) was analyzed by
means of Ginzburg-Landau (GL) [30], Werthamer-Helfand-
Hohenberg (WHH) [31], and two-band (TB) models [32].
As shown in Fig. 2, both the GL- and WHH models show
large deviations, leading to underestimated Hc2 values at
zero temperature. Such discrepancy most likely hints at
multiple superconducting gaps in ThIrSi, as evidenced also
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by the positive curvature of Hc2(T) at low fields, a typical
feature of multigap superconductors, as e.g., MgB2 [33, 34]
or Lu2Fe3Si5 [35]. As shown in Fig. 2(b), around µ0H ∼2-
3 T, Hc2(T) undergoes a clear change in curvature. The
remarkable agreement of the TB model with the experi-
mental data across the full temperature range is obvious
and it allows us to determine µ0Hc2(0) = 10.8(2)T and
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FIG. 3. (a) TF-SR spectra collected in an applied field of 50 mT in
both the superconducting- and normal states for ThIrSi. The real
part of the fast Fourier transform of SR spectra is shown in (b) and
(c) for 1.5 K and 8.0 K, respectively. Solid lines are fits to Eq. (1).
The TF-200 mT SR spectra shows similar features.

ξ(0) = 5.52(5)nm. The lower critical field µ0Hc1 is related
to the magnetic penetration depth λ and the coherence
length ξ via µ0Hc1 = (Φ0/4πλ

2)[ln(κ) + 0.5], where κ =
λ/ξ is the GL parameter [36]. By using µ0Hc1 = 6.8(1)mT
and µ0Hc2 = 10.8(2)T, the resulting magnetic penetration
depth λGL = 333(3)nm, is comparable to the experimental
value 370(2) nm we determine from TF-SR data (see below).
The large GL parameter, κ∼ 60, clearly indicates that ThIrSi
is a type-II superconductor. Lastly, when we compare Hc2

to the Pauli limit HP, given by µ0HP =
∆0p
2µB
≈ 1.86 [T/K] Tc ,

we note that a Tc of 6.4 K corresponds to a µ0HP of 11.9 T.
Hence, the observed superconductivity in ThIrSi is well be-
low the Pauli limit, as expected of a conventional nodeless
superconductor.

B. SR study

To investigate the superconducting pairing of ThIrSi, we
carried out systematic temperature-dependent TF-SR mea-
surements in two magnetic fields: 50 and 200 mT. After
cooling the sample in a transverse field, the TF-SR spectra
were collected upon heating. Representative datasets for
TF-50 mT, taken in the superconducting- and normal states
of ThIrSi, are shown in Fig. 3, with the TF-200 mT SR spec-
tra showing similar features. In the normal state, the SR
asymmetry shows essentially no damping, thus reflecting a
uniform field distribution. Conversely, in the superconduct-
ing state (here, at 1.5 K), the significantly enhanced damping
reflects the inhomogeneous field distribution due to the de-
velopment of a flux-line lattice (FLL) [37–39]. The broaden-
ing of the field distribution in the SC phase is clearly visible
in Fig. 3(b) vs. Fig. 3(c), where the fast-Fourier-transform

(FFT) spectra of the corresponding TF-50 mT SR data are
shown. To properly describe the field distribution, the time-
dependent TF-SR asymmetry was modeled using:

ATF(t) = As cos(γµBs t +φ)e
−σ2 t2/2 + Abg cos(γµBbg t +φ).

(1)
Here As (98%), Abg (2%) and Bs, Bbg are the initial asym-
metries and local fields sensed by implanted muons in the
sample and sample holder, γµ/2π = 135.53 MHz/T is the
muon gyromagnetic ratio, φ is a shared initial phase, and σ
is a Gaussian relaxation rate reflecting the field distribution
inside the sample. The derived σ are small and temperature-
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FIG. 4. Superfluid density vs temperature, as determined from
TF-SR measurements in an applied magnetic field of 50 mT (a) and
200 mT (b). The insets show the diamagnetic shift∆B(T )(left-axis)
and muon-spin relaxation rates σ(T) (right-axis). Here, ∆B =
Bs−Bappl., where Bappl. = 50 or 200 mT. The dashed- and solid lines
represent fits to a fully-gapped model with a single gap and two
gaps, respectively. The fit parameters are listed in Table I.

independent in the normal state, but below Tc they start to
increase due to the onset of FLL and the increased superfluid
density. Simultaneously, a diamagnetic shift ∆B appears be-
low Tc (see inset in Fig. 4). In the superconducting state, σ
includes contributions from both the FLL (σsc) and a smaller,
temperature-independent relaxation, due to the nuclear mo-
ments (σn). Considering the constant nuclear relaxation
rate in the narrow temperature range investigated here,
confirmed also by ZF-SR measurements (see below), the
superconducting Gaussian relaxation rate can be extracted
using σsc =
q

σ2
eff −σ2

n.
Since σsc is directly related to the effective magnetic pen-

etration depth and, thus, to the superfluid density, the su-
perconducting gap and its symmetry can be investigated
by measuring the temperature-dependent σsc. Then, the
effective magnetic penetration depth λeff can be obtained
by using σ2

sc(T )/γ
2
µ = 0.00371Φ2

0/λ
4
eff(T ) [36, 40].

The normalized inverse-square of the effective magnetic
penetration depth [proportional to the superfluid density,
i.e., λ−2

eff (T )∝ ρsc(T )] vs. the reduced temperature T/Tc is
presented in Fig. 4(a) and 4(b) for TF-50 mT and TF-200 mT
SR spectra, respectively. In both cases, the superfluid densi-
ties are temperature invariant below 1/3Tc , thus indicating
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the absence of low-energy excitations and, hence, a fully-
gapped superconducting state in ThIrSi. Such nodeless SC
is also confirmed by NMR measurements (see below). Con-
sequently, the superfluid density ρsc(T) was analyzed by
means of a fully-gapped s-wave model:

ρsc(T ) =
λ−2

eff (T )

λ−2
0

= 1+ 2

∫ ∞

∆(T )

∂ f
∂ E

EdE
p

E2 −∆2(T )
. (2)

Here, f = (1+ eE/kB T )−1 is the Fermi function; ∆(T ) is the
superconducting-gap function, assumed to follow ∆(T) =
∆0tanh{1.82[1.018(Tc/T −1)]0.51} [41, 42]; λ0 and∆0 are
the magnetic penetration depth and the superconducting
gap at 0 K, respectively. As shown by the solid lines in Fig. 4,
the s-wave model describesρsc(T ) very well across the entire
temperature range with the fit parameters:∆0 = 2.10(5) and
1.90(5) kBTc , and λ0 = 370(2) and 397(2) nm for TF-50 mT
and TF-200 mT SR spectra, respectively.
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FIG. 5. (a) TF-SR time spectra measured in the superconducting
state of ThIrSi (at T = 1.5 K) in a field of 25 and 350 mT. (b)
Field-dependent superconducting Gaussian relaxation rate σsc(H).
Dashed- and solid lines represent fits to the single- and two-band
models, respectively. The goodness-of-fit values are χ2

r = 3.2 (two-
band model) and 8.4 (single-band model). In both cases, data
below Hc1 were excluded when evaluating χ2

r .

Since the Hc2(T ) data (see Fig. 2) show some features of
multigap SC, we analyzed the superfluid density also with
the so-called α-model. In this case, the superfluid density
can be described by ρsc(T) = αρ∆

α

sc (T) + (1 − α)ρ
∆β

sc (T),
where ρ∆

α

sc and ρ∆
β

sc are the superfluid densities related to
the first (∆α) and second (∆β) gap, and α is a relative
weight. For each gap, ρsc(T ) is given by Eq. (2). As shown
by the solid line in Fig. 4(a), by using the same λ0 value and
by fixing w to 0.3 (as derived from the field-dependent TF-
SR measurements reported below), the resulting gap values
are ∆α = 1.90(5) kBTc and ∆β = 2.20(5) kBTc . However,
as shown in Fig. 4, the two-gap fit (solid line) is virtually
indistinguishable from the one-gap fit (dashed line).
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FIG. 6. ZF-SR spectra collected in the superconducting- (1.5 K) and
the normal (10 K) states of ThIrSi. The practically overlapping
datasets indicate the absence of TRS breaking, whose occurrence
would have resulted in a stronger decay in the 0.3-K case.

This circumstance might be attributed to the relatively
small weight of the second gap, as well as to the compa-
rable gap-energy sizes, both factors which make it diffi-
cult to discriminate between a single- and a two-gap su-
perconductor based on the temperature-dependent super-
fluid density alone. In this case, measurements of the field-
dependent superconducting Gaussian relaxation rate σsc(H)
provides suitable alternatives to disentangle the two cases,
since the respective datasets are expected to show distinct
field responses in a two-gap vs. a single-gap superconduc-
tor [16, 43]. Based on this, to ascertain the possibility of a
multigap SC in ThIrSi, we performed TF-SR measurements
at base temperature (1.5 K) at different applied fields, up to
780 mT. Figure 5(a) shows two representative TF-SR datasets,
collected at 25 and 350 mT, with the spectra in other applied
fields showing similar features. Also in this case, we fitted the
data by means of Eq. (1), with the resulting superconduct-
ing Gaussian relaxation rates σsc vs the applied magnetic
field being summarized in Fig. 5(b). σsc(H) was analyzed
using both a single- and a two-band model. In the latter
case, each band is characterized by its own superconducting
coherence length [i.e., ξ1(0) and ξ2(0)], while a weight w
accounts for the contribution of the first band [ξ1(0)] to
the total superfluid density, akin to the two-gap model in
Fig. 4 [44, 45]. As shown in Fig. 5(b), the two-band model
(solid line) shows a better agreement with the data, here
reflected in a smaller χ2

r value, and it yields these best-fit
parameters: w = 0.3, ξ1(0) = 12.0 nm, ξ2(0) = 5.4 nm,
and λ0 = 357 nm. The derived λ0 is consistent with that
obtained from the ρsc(T ) analysis in Fig. 4 (370 nm). Finally,
the upper critical field of 11.2 T, calculated from the coher-
ence length of the second band ξ2(0), is comparable with the
Hc2 value determined from the M(T, H) data (see Fig. 2).
As for the first band, the critical field of 2.3 T, calculated
from ξ1(0), is in good agreement with the field value where
Hc2(T ) changes its slope [see Fig. 2(b)]. Note that, in case
of the NMR measurements, here performed in a magnetic
field of 3 T, the required high field can suppress the smaller
gap. As a consequence, the material is expected to appear
more like a single-gap superconductor.

We also performed zero-field (ZF-) SR measurements in
the normal- and superconducting states of ThIrSi, in order
to reveal a possible breaking of the time-reversal symmetry
(TRS), in turn implying an unconventional SC. As shown in
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FIG. 7. Evolution of the 29Si NMR shift with temperature. As typical
for s-wave superconductors, the shift decreases below Tc . Inset:
Representative 29Si NMR line shapes in the superconducting- and
the normal state, collected in a magnetic field of 3 T.

Fig. 6, neither coherent oscillations nor fast decays could be
identified in the spectra collected below- (1.5 K) and above
Tc (10 K), thus excluding any type of magnetic order or fluc-
tuations. In nonmagnetic materials, in the absence of applied
fields, the depolarization of muon spins is mainly determined
by the randomly oriented nuclear magnetic moments. In
ThIrSi, the depolarization shown in Fig. 6 is more consistent
with a Lorentzian decay. This suggests that the internal fields
sensed by the implanted muons arise from the diluted (and
tiny) nuclear moments present in ThIrSi. Thus, the solid
lines in Fig. 6 are fits to a Lorentzian Kubo-Toyabe relaxation
function A(t) = As[

1
3+

2
3 (1−ΛZF t)e−ΛZF t]+Abg. Here, As and

Abg are the same as in the TF-SR case [see Eq. (1)], while ΛZF
represents the ZF Lorentzian relaxation rate. The derived re-
laxation rates in the normal- and the superconducting state
are almost identical, i.e., ΛZF = 0.0057(7) s−1 at 1.5 K and
ΛZF = 0.0060(8) s−1 at 10 K, here reflected in overlapping
datasets. The lack of an additional SR relaxation below Tc
excludes a possible TRS breaking in the superconducting
state of ThIrSi. As we show below, the conventional nature
of SC in ThIrSi is further supported by the exponential de-
pendence of the NMR relaxation rate and by a clear drop in
the NMR shift below Tc .

C. 29Si NMR study

From the basic theory of NMR in superconducting mate-
rials (see, e.g., Ref. 46), it is known that conventional BCS
superconductors exhibit three key signatures below Tc:

a. A reduced Knight shift K with respect to the normal-state
value.
b. An exponential decrease of the relaxation rate T−1

1 (T ).
c. The appearance of a Hebel-Slichter (HS) coherence peak
in the Korringa product (T1T )−1 just below Tc .

In ThIrSi, the decreasing Knight shift below Tc is clearly
evident in Fig. 7, while the exponential decrease of T−1(T )
below Tc is made obvious by the semilogarithmic scale in
Fig. 8. The only missing signature is the Hebel-Slichter coher-
ence peak, which is conspicuously absent in Fig. 8 (see inset).
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FIG. 8. Normalized NMR relaxation rate vs the scaled temperature
(measured at µ0H = 3 T). The decay follows an exponential law,
T−1

1 ∝ exp(−∆/kBT), typical of s-wave superconductors with a
fixed gap ∆. Inset: Scaled Korringa product vs the scaled tem-
perature. In both cases, the two-band fit (solid line) is hardly
distinguishable from the single-band fit (dashed line), most likely
reflecting the suppression of the smaller gap by the magnetic field.

However, we recall that the Hebel-Slichter peak is suppressed
also in other conventional noncentrosymmetric supercon-
ductors, such as NbReSi [16] and W3Al2C [14], which also
are fully gapped. A comparison of 1/T1T vs T in different
NCSCs is given in our previous paper [14]. It appears that,
experimentally the Hebel-Slichter peak is either completely
absent or strongly suppressed in the NCSCs studied. Hence,
it is not surprising that we do not observe this feature in
ThIrSi either. Furthermore, the two main signatures of nodal
(triplet) superconductivity [1], namely a power-law depen-
dence of relaxation rates and a temperature-independent
Knight shift below Tc , are clearly missing in our case. Hence,
in spite of the lack of an HS peak, nodeless superconductivity
remains the most convincing scenario compatible with our
NMR data.

Next, we move on to discuss the details of the gap struc-
ture found via NMR. As can be seen in Fig. 8, the NMR
relaxation rate follows a single-exponential law, here de-
picted by the dashed line. However, the gap resulting from
the single-exponential fit is 2∆/kBTc = 2.0(9), which is
significantly lower than that predicted by the BCS theory,
i.e., 2∆/kBTc = 3.5. We attempted to fit the data using a
two-exponential function, but the second exponential does
not change the result. The value of the main gap is still
2∆a/kBTc = 2.0(9) (within experimental error), while the
second exponential has a negligibly small weight. Although
apparently NMR seems to exclude the possibility of a two-
gap superconductivity, it is quite likely that the magnetic
field required for the NMR experiments might suppress the
smaller gap.

D. Discussion

In ThIrSi, we find that the datasets resulting from three dif-
ferent techniques: i.e., magnetometry, SR, and NMR, agree
in indicating a fully-gapped singlet superconducting state.
However, the situation is less clear with respect to the char-
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Table I. Superconducting gap values of ThIrSi compared to those
of Y2C3 and La2C3, as obtained from NMR and SR measurements.
The NMR Tc and ∆ values refer to the 3-T magnetic field. The
experimental uncertainties are of the order of the last digit.

Compound Technique 2∆α/kBTc 2∆β/kBTc α/β

ThIrSi SR 4.4 3.8 0.3/0.7
ThIrSi NMR 2.0 NA NA
Y2C3 [20] SR 4.9 1.1 0.86/0.14
Y2C3 [19] NMR 5.0 2.0 0.75/0.25
La2C3 [20] SR 5.6 1.3 0.38/0.62

acteristics of the s-wave type pairing, i.e., whether it involves
quasiparticles in a one- or two-band configuration.

The temperature dependence of the upper critical field
Hc2(T), obtained from M(T, H) measurements described
above and shown in Fig. 2(b), indicates a much better fit
when employing a two-band model than when using the
classical models (that are based on assuming a single-band of
quasiparticles). The NMR results suggest that a single-band
model fits the corresponding data adequately. However, the
field-dependent SR results, are best fit using a two-band
(s + s)-wave gap configuration. Although at first sight the
NMR results might seem contradictory, we recall that NMR
typically requires high magnetic fields (3 T, in our case),
which may easily suppress the smaller superconducting gap
and, thus, lead to an apparent single-band scenario.

Also recent DFT calculations [23] seem to support the two-
band interpretation since, in the ThIrSi case, they indicate:
(i) a mix of isotropic and anisotropic bands near the Fermi
level, a requirement for two-band superconductivity, and
(ii) large band splittings resulting from spin-orbit coupling
(SOC). The combination of multiple bands and large SOC is
fully compatible with the two-band model, while it renders
the simple single-gap s-wave model unlikely.

However, also the two-gap model runs into theoretical
problems. In the two-gap picture, we observe that the SC
gap values obtained for ThIrSi are relatively close to each
other and the ratio of the relative weights is close to 0.5/0.5.
These fit parameters are substantially different from those
regarding the sesquicarbides (see Table I), the latter appear-
ing as more clearcut examples of two-gap superconductors.
Indeed, contrary to ThIrSi, in the sesquicarbides both NMR
and SR data exhibit two-band features. In this sense, it is a
still open issue whether ThIrSi is a two-band superconductor.

In general, if the weight of the second gap is relatively
small and the gap sizes are not significantly different, this
makes it difficult to discriminate between a single- and a
two-gap superconductor based on temperature-dependent
superconducting properties. For ThIrSi, the weight of the
second gap w = 0.3 and the gap sizes are quite similar
(see Table I). As a consequence, the multigap feature is less
evident in the temperature-dependent superfluid density
(see Fig. 4). From the analysis of Hc2(T ) using a two-band
model, the derived inter-band and intra-band couplings are

λ12 = 0.03 and λ11 ∼ λ22 = 0.25 for ThIrSi. Such an inter-
band coupling is much smaller than the intra-band coupling,
a circumstance which makes the gaps to open at different
electronic bands, less distinguishable compared with other
multiband superconductors (see Table I) [47]. However, the
underlying multigap SC feature of ThIrSi is reflected in its
upper critical fields Hc2(T ) (see Fig. 2). The measurement
of the field-dependent superconducting Gaussian relaxation
rate σsc(H) also provides evidence of multiband SC (see
Fig. 5, which shows a distinct field response compared to a
single-gap superconductor [43, 48]).

While the discrepant SC-gap values remain an open prob-
lem, the lack of TRS breaking deduced from ZF-SR, excludes
the possibility of spin-triplet- or other non s-wave supercon-
ductivity mechanisms in ThIrSi.

IV. CONCLUSION

In summary, we presented the results of an extensive study
of the properties of the non-centrosymmetric superconduc-
tor ThIrSi, by employing magnetometry, as well as NMR
and SR techniques. Experimental data confirm the forma-
tion of a nodeless gap configuration in the superconducting
state. Nevertheless, data interpretation does not allow for
a clear decision whether ThIrSi adopts a single- s or a two-
band (s + s) superconducting state. Future experimental
and theoretical investigations of similar materials may help
to clarify the link between the non-centrosymmetry of the
crystal structure and multiband superconductivity. In this
respect, DFT calculations show that ThNiSi and ThPtSi have
multiple bands near (or crossing) the Fermi level [23] and,
hence, are suitable candidate materials to search for multi-
gap superconductivity, once they can be shown to adopt a
superconducting state at low temperatures.
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