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Evidence of fully gapped superconductivity in NbReSi: A combined SR and NMR study
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We report a comprehensive study of the noncentrosymmetric NbReSi superconductor by means of muon-spin
rotation and relaxation (#SR) and nuclear magnetic resonance (NMR) techniques. NbReSi is a bulk super-
conductor with 7, = 6.5 K, characterized by a large upper critical field, which exceeds the Pauli limit. Both
the superfluid density ps.(7") (determined via transverse-field £SR) and the spin-lattice relaxation rate Tl’1 (T)
(determined via NMR) suggest a nodeless superconductivity (SC) in NbReSi. We also find signatures of multigap
SC, here evidenced by the field-dependent muon-spin relaxation rate and the electronic specific-heat coefficient.
The absence of spontaneous magnetic fields below 7., as evinced from zero-field ©SR measurements, indicates
a preserved time-reversal symmetry in the superconducting state of NbReSi. Finally, we discuss possible reasons
for the unusually large upper critical field of NbReSi, most likely arising from its anisotropic crystal structure.
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I. INTRODUCTION

Superconductors whose crystal structures lack an inver-
sion center, known as noncentrosymmetric superconductors
(NCSCs), represent an attractive platform for investigating un-
conventional and topological superconductivity (SC) [1-11].
Besides SC, noncentrosymmetric materials are among the best
candidates for studying topological phenomena. For example,
Weyl fermions were discovered as quasiparticles in Ta(As,P)
and Nb(As,P) noncentrosymmetric single crystals [12-16]. In
NCSCs, a lack of an inversion center sets the scene for a vari-
ety of exotic properties, e.g., nodes in the superconducting gap
[17-20], multigap SC [21], upper critical fields beyond the
Pauli limit [22-24], and breaking of time-reversal symmetry
(TRS) in the superconducting state [20,25-30].

In some NCSCs, the above exotic properties are closely
related to admixtures of spin-singlet and spin-triplet supercon-
ducting pairings, here tuned by the antisymmetric spin-orbit
coupling (ASOC) [1-3]. In most other cases, however, such a
connection seems to be very weak, and the superconducting
properties resemble those of conventional superconductors,
characterized by a fully developed energy gap and a pre-
served TRS. A notable exception is CaPtAs, which, below T,
exhibits both TRS breaking and superconducting gap nodes
[20,31]. In general, the causes behind TRS breaking in NCSCs
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are not yet fully understood and remain an intriguing open
question.

After the discovery of TRS breaking in elementary rhe-
nium and in ¢-Mn-type ReT superconductors (7" = transition
metal) [28-30], many other Re-based superconductors have
been systematically investigated by means of muon-spin
relaxation and rotation (wSR). Later on, SR studies on
Re;_ Mo, alloys (0 < x < 1) revealed that TRS is broken
only in cases of a high rhenium content (x < 0.12), sur-
prisingly corresponding to simple centrosymmetric structures
[32]. For x > 0.12, instead, all the Re-Mo alloys preserve
TRS in their superconducting state, independent of the centro-
or noncentrosymmetric crystal structure [32]. Recently, the
centrosymmetric Re;B and noncentrosymmetric Re;B3 super-
conductors were systematically studied and shown to exhibit
nodeless SC with multiple energy gaps [33]. In both cases,
the lack of spontaneous magnetic fields below 7, indicates
that, unlike in Re7 or in elementary rhenium, the TRS is
preserved. Such a selective occurrence of TRS breaking in
Re-based superconductors, independent of the noncentrosym-
metric structure (and thus of ASOC), is puzzling and not yet
fully understood, clearly demanding further investigations.

The NbReSi superconductor represents another candidate
material for studying the TRS breaking effect in the Re-based
family of superconductors. NbReSi crystallizes in a hexagonal
ZrNiAl-type crystal structure with space group P62m [No.
189; see inset in Fig. 1(b)] [34]. Although its SC was reported
in the 1980s [35], its physical properties were systemati-
cally studied only recently [24]. As shown in Fig. 1(a), both
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FIG. 1. (a) Temperature-dependent magnetic susceptibility
xv(T) (left axis) and electrical resistivity p(T") (right axis). While
p(T) was measured in a zero-field condition, xyv(7') data were
collected in a magnetic field of 1 mT, applied after zero-field
cooling. The dashed line indicates 7. = 6.5 K. (b) Upper critical
field H,, vs reduced temperature 7../7.(0) for NbReSi. The solid and
dash-dotted lines represent fits to the two-band and WHH models.
The T, values determined from SR and NMR measurements
(this work) are highly consistent with the values determined from
electrical-resistivity and heat-capacity measurements (data taken
from Ref. [24]). The inset shows the crystal structure of NbReSi,
with the lines marking its hexagonal unit cell.

magnetic-susceptibility and electrical-resistivity data indicate
a T, of 6.5 K in NbReSi. The temperature evolution of the up-
per critical field H.,(T'), as established by electrical-resistivity
and heat-capacity measurements, is reported in Fig. 1(b),
with H,(0) being larger than the weak-coupling Pauli limit
value (i.e., 1.86kgT, = 12.1 T). This indicates that the effects
of paramagnetic limiting may be either reduced or entirely
absent in NbReSi and, hence, that it can possibly exhibit
unconventional superconductivity.

Although selected properties of NbReSi have been investi-
gated with different techniques [24], at a microscopic level its
superconducting properties, in particular, the superconducting
order parameter, have not been explored. In this paper, we
report on an extensive study of NbReSi carried out mostly
by 1SR and nuclear magnetic resonance (NMR) methods in
both its superconducting and normal states. Despite a non-
centrosymmetric crystal structure, NbReSi is shown to be a
moderately correlated electron material which adopts a fully
gapped superconducting state with preserved TRS.

II. EXPERIMENTAL DETAILS

Polycrystalline NbReSi samples were prepared by the
arc-melting method. The crystal structure and phase purity
were checked by powder x-ray diffraction. The bulk SC was
characterized by electrical-resistivity, heat-capacity, and mag-
netization measurements [24]. The bulk ©SR measurements
were carried out at the multipurpose surface-muon spectrom-
eter (Dolly) of the Swiss muon source at Paul Scherrer Institut,
Villigen, Switzerland. In this study, we performed three kinds
of experiments: transverse-field (TF), zero-field (ZF), and
longitudinal-field (LF) ©SR measurements. As for the former,
it allowed us to determine the temperature evolution of the
superfluid density. As for the latter two, we aimed at search-
ing for a possible breaking of time-reversal symmetry in the
superconducting state of NbReSi. To exclude the possibility
of stray magnetic fields during the ZF-uSR measurements,
all the magnets were preliminarily degaussed. All the uSR
spectra were collected upon heating and were analyzed by
means of the MUSRFIT software package [36].

%Nb NMR measurements, including line shapes and spin-
lattice relaxation times, were performed on NbReSi in powder
form in a magnetic field of 5 T. To cover the 2 to 300 K
temperature range we used a continuous-flow CF-1200 cryo-
stat from Oxford Instruments, with temperatures below 4.2 K
being achieved under pumped “He conditions. Preliminary
resonance detuning experiments confirmed 7, of 6.3 Kat0 T
and of 4.4 K at 5 T. The *Nb NMR signal was detected by
means of a standard spin-echo sequence consisting of /2
and 7 pulses of 3 and 6 us, 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 of the echo
signal. Spin-lattice relaxation times 7; were measured via the
inversion-recovery method, using a -7 /2- pulse sequence.
In all the measurements, phase cycling was used to systemat-
ically minimize possible artifacts.

II1. RESULTS AND DISCUSSION
A. pSR study

To investigate the superconducting properties of NbReSi at
a microscopic level, we carried out systematic temperature-
dependent SR measurements in a transverse field. The
optimal field value for such experiments was determined
via preliminary field-dependent ;SR depolarization-rate mea-
surements at 2.1 K. To track the additional field-distribution
broadening due to the flux-line lattice (FLL) in the mixed
superconducting state, a magnetic field (up to 380 mT) was
applied in the normal state, and then the sample was cooled
down well below T;, where the SR spectra were collected.
Figure 2(a) shows two representative TF-uSR spectra col-
lected at 30 and 200 mT, in general, modeled by

Arp(t) = Ase 772 cos(y, Byt + ¢) + Apg OS(v, Bogl + ).
(1)

Here, A; (90%) and Ap; (10%) are the sample and the
background asymmetries, with the latter not undergoing any
depolarization. y,/2m = 135.53 MHz/T is the muon gy-
romagnetic ratio, B; and By, are the local fields sensed by
implanted muons in the sample and the sample holder, ¢ is
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FIG. 2. (a) TF-uSR spectra of NbReSi collected at 7 = 2.1 K
(superconducting state) in fields of 30 and 200 mT. (b) TF-uSR
spectra of NbReSi collected in the superconducting (0.3 K) and the
normal (8 K) states in an applied magnetic field of 50 mT. The solid
lines represent fits to Eq. (1). To clearly show the oscillations at
higher fields, the spectra in (a) are shown in a time range up to 2 us.

a shared initial phase, and o is a Gaussian relaxation rate
reflecting the field distribution inside the sample. In the super-
conducting state, the measured o includes contributions from
both the FLL (o) and a smaller, temperature-independent
relaxation due to nuclear moments (o,; see also ZF-uSR
below). The FLL-related relaxation can be extracted by
subtracting the nuclear contribution in quadrature, oy, =
Vo2 —o?.

The resulting superconducting Gaussian relaxation rates
o vs the applied external magnetic fields are summarized in
Fig. 3(a). Above the lower critical field H,; (10.1 mT) [24], the
relaxation rate decreases continuously. Here, a field of 50 mT
was chosen for the temperature-dependent TF-uSR studies.
In the case of a single-gap superconductor, o, (H) gener-

ally follows oy, = 0.172”3:0(1 — W1+ 1.21(1 — vVh)* 112
[37,38], where h = H,pp1/Hco, with Hyyp being the applied
magnetic field. As illustrated by the dash-dotted line in
Fig. 3(a), the single-gap model does not agree well with the
experimental data. In a two-band model, each band is char-
acterized by its own coherence length and a weight w (or
1 — w), accounting for the relative contribution of each band
to the total oy, and hence to the superfluid density [39,40].
For such a two-band model, the second moment of the field
distribution can be calculated within the framework of the
modified London model using the following expression:
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FIG. 3. (a) Field-dependent superconducting Gaussian relax-
ation rate oy.(H). The dash-dotted and solid lines represent fits to
the single-gap and two-band models, respectively. The inset plots the
normalized specific-heat coefficient yi/y, vs the reduced magnetic
field H/H.,(0) for NbReSi. At a given applied field, yy is obtained
as the linear extrapolation of electronic specific heat C,/T vs T? in
the superconducting state to zero temperature. Data from different
samples (denoted as S1 and S2) are highly consistent. The specific-
heat data can be found in Ref. [24]. The arrow marks a change in
slope at uoH ~ 1 T. (b) Temperature dependence of the NbReSi
superfluid density. The solid black and red lines represent fits to a
fully gapped s-wave model with one and two gaps, respectively. The
dash-dotted and dashed lines (in the inset) are fits to p- and d-wave
models.

Here, g = 47 /</3a(m~/3/2, n + m/2) are the reciprocal lat-
tice vectors for a hexagonal FLL (a is the intervortex distance,
and m and n are integer numbers); B = uoH for H > H,,
which is the mean field within the FLL; A2y = H/H_ 1(2) are
the reduced fields within band 1 (2) (the same as / in the above
equation); and &(2) are the coherence lengths for band 1 (2).
As shown by the solid line in Fig. 3(a), with w = 0.45, the
two-band model is in good agreement with the experimental
data and provides A¢g =534(2) nm, & = 18.0(5) nm, and
& = 5.7(2) nm. The derived A is comparable with the value
estimated from the temperature-dependent TF- SR measure-
ments in Fig. 3(b). The upper critical field of 10.1(5) T,
calculated from the coherence length of the second band,
woHe = ©o/(2n $22), is highly consistent with the upper crit-
ical field determined from bulk measurements [see Fig. 1(b)]
(the specific-heat data were taken from Ref. [24]). The virtual
upper critical field uoH} = 1.02(6) T, calculated from the
coherence length of the first band &, is in good agreement
with the field value where yy(H ) shows a change in slope [as
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indicated by an arrow in the inset of Fig. 3(a)]. The virtual H},
corresponds to the critical field which suppresses the small
superconducting gap. Clearly, both the field-dependent oy (H )
and the electronic specific-heat coefficient y(H ) suggest the
existence of multiple superconducting gaps in NbReSi.

To further investigate the superconducting pairing in
NbReSi, we carried out systematic TF-uSR measurements
in an applied field of 50 mT over a wide temperature range.
Representative TF-uSR spectra collected in the supercon-
ducting (0.3 K) and normal (8 K) states of NbReSi are
shown in Fig. 2(b). The broadening of the field distribution
due to the FLL is clearly visible in the superconducting
state. To quantify it, the TF-uSR spectra were analyzed
using, again, the model given by Eq. (1). In NbReSi, the
upper critical field H,, is very large compared to the ap-
plied TF field (50 mT). Therefore, the effects of overlapping
vortex cores with increasing field can be ignored when ex-
tracting the penetration depth from the measured oy. The
effective magnetic penetration depth A can be calculated
from o(T)/y; = 0.00371 5/l (T) [37,38]. Figure 3(b)
summarizes the temperature-dependent inverse square of the
magnetic penetration depth, which is proportional to the su-
perfluid density, i.e., )L;fg(T) X psc(T). The latter was then
analyzed by means of different models, generally described
by

M):m< /wLﬁ@ 6
A FS

X /Ez_AﬁaE

Here, f = (14 ¢£//7)~1 is the Fermi function, and (-)gs
represents an average over the Fermi surface [41]. Ay (T) =
A(T )8k is an angle-dependent gap function, where A is the
maximum gap value and § is the angular dependence of the
gap, equal to 1, cos2¢, and sin 8 for the s-, d-, and p-wave
models, respectively, with ¢ and 6 being the azimuthal an-
gles. The temperature dependence of the gap is assumed to
follow A(T) = Agtanh{1.82[1.018(T./T — 1)]°'} [41,42],
where Ay is the gap value at 0 K.

Four different models, including single-gap s-, p-, and
d-wave models and a two-gap (s + s)-wave model, were used
to describe the )Le_f?(T) data. For the s- and p-wave models, the
best fits yield the same zero-temperature magnetic penetration
depth Ao = 523(2) nm but different gap values, 1.04(3) and
1.33(5) meV, respectively. Note that ps.(T') is also consistent
with a dirty-limit model [33], which yields a similar super-
conducting gap [i.e., 0.93(3) meV]. For the d-wave model, the
estimated Ao and gap value are 460(4) nm and 1.28(5) meV.

As can clearly be seen in the inset of Fig. 3(b), the
significant deviation of the p- or d-wave model from the ex-
perimental data below ~3 K and the temperature-independent
behavior of A_#(T) for T < 1/3T, ~ 2 K strongly suggest
a fully-gapped superconductivity in NbReSi. Since H.(T),
osc(H), and yg(H) data [see Figs. 1(b) and 3(a)] imply the
presence of multiple superconducting gaps in NbReSi, )»e’t%(T)
was also analyzed using a two-gap s-wave model. In this

case, pe(T) = wp" (T) + (1 — w)pi"*(T), with pi”' and
0822 (T) being the superfluid densities related to the first
(Ao.1) and second (Ag ) gaps, with w being a relative weight.

Here, by fixing the weight w = 0.45, as determined from
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FIG. 4. ZF-uSR spectra collected in the superconducting (0.3 K)
and normal (10 K) states for NbReSi. The LF-uSR in a field of 3 mT
was collected at 10 K.

os.(H), the two-gap (s + s)-wave model provides results that
are almost identical to the single-gap s-wave model, reflected
in two practically overlapping fitting curves in Fig. 3(b).
The two-gap model yields Ag; = 0.80(5) meV and Ay, =
1.23(5) meV. Since the gap sizes are not significantly different
(Ao.1/Do2 ~ 0.7), this makes it difficult to discriminate
between single- and two-gap superconductors based on the
temperature-dependent superfluid density alone [40,43]. Nev-
ertheless, as we showed above, the two-gap feature in NbReSi
is clearly reflected in its field-dependent superconducting re-
laxation rate o (H ), specific-heat coefficient yy(H ), and also
in the temperature-dependent upper critical field H (7). The
superconducting gap of NbReSi derived from TF-uSR is
similar to that of other Re-based superconductors, e.g., ReT
(T = transition metal) [29,30,32,44,45] and rhenium-boron
compounds [33], the latter exhibiting a multigap SC, too.

To search for a possible breaking of the time-reversal
symmetry in the superconducting state of NbReSi, we com-
pared the ZF-u SR results in the normal and superconducting
states. As shown in Fig. 4, neither coherent oscillations nor
fast decays could be identified in the spectra collected above
(10 K) and below T (0.3 K), hence implying the lack of any
magnetic order or fluctuations. Normally, in the absence of
external fields, the onset of SC does not imply any changes
in the ZF muon-spin relaxation rate. However, if the TRS is
broken, the onset of spontaneous magnetic fields can be de-
tected by ZF-u SR as an increase in the muon-spin relaxation
rate. In absence of external fields, the muon-spin relaxation is
mainly attributed to the randomly oriented nuclear moments,
which can be modeled by means of a phenomenological
relaxation function, consisting of a combination of Gaus-
sian and Lorentzian Kubo-Toyabe relaxations [46,47], A(t) =

o2 42

A3+ 21— 02ut? — Agpt)e ™5 0w + Ay,. Here, A,
and Apg are the same as in the TF-uSR case [see Eq. (1)];
ozr and Azp represent the zero-field Gaussian and Lorentzian
relaxation rates, respectively. As shown by the solid lines in
Fig. 4, the derived relaxations in the normal and superconduct-
ing states are almost identical. This lack of evidence for an
additional SR relaxation below T, excludes a possible TRS
breaking in the superconducting state of NbReSi.
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FIG. 5. ®>Nb NMR line shapes collected at various temperatures,
covering both the superconducting and normal states, in a magnetic
field of 5 T. The dashed line indicates the reference frequency. The
derived NMR Knight shifts and widths vs temperature are shown in
the insets. While Knight shifts show a negligible drop below T, the
linewidths are independent of temperature.

B. *Nb NMR study

NMR is a versatile technique for investigating the elec-
tronic properties of materials, in particular, their electron
correlations, which is complementary to uSR with respect
to the probe location, coupling to the environment, time
window, and field range. Here, we employ NMR to inves-
tigate the normal- and superconducting-state properties of
NbReSi, mostly via “*Nb NMR measurements in a field of
5 T. In selected cases, we also conducted °Si NMR (I =
1/2) measurements. In either case, the NMR reference fre-
quency vy was determined from the >’ Al resonance signal in
an Al(NO3); solution [48]. Successively, the **Nb (or 2Si)
NMR shifts were calculated with respect to each vy refer-
ence frequency. Considering its good NMR signal and fast
relaxation rate, >>Nb was used as the nucleus of choice for
investigating the electronic properties of NbReSi. The NMR
line shapes shown in Fig. 5 most likely represent the central
transition line and are characterized by a relatively large width
(~200 kHz). In fact, no satellite transitions was observed
within 1 MHz on either side of the central transition line,
indicating that quadrupolar coupling is either extremely weak
(satellites located within the linewidth of the central line) or
extremely large (satellites located at >1 MHz away from the
central transition). Considering the complex and asymmetric
coordination of Nb atoms, we expect the latter to be the case
[49,50]. The central NMR line is sufficient for investigating
the superconducting properties of NbReSi.

Two main conclusions can be drawn from our NMR study.
First, the temperature dependence of the Korringa product
indicates a transition from the metallic to the superconducting
phase. Second, the exponential dependence of the relaxation
rate in the superconducting phase confirms the occurrence of

O.5X 10
0»
—0.5) T |
Tc
< |
T
< 1.5} ]
_ol |
-2.5F 1
-3 . . . .
3 3.5 4 4.5 5

Temperature (K)

FIG. 6. Frequency detuning of the NMR resonant circuit with
temperature. At the onset of superconductivity at 7.(5T) = 4.4 K
the magnetic flux is (partially) expelled, equivalent to a lowering of
inductance and hence to an increase in frequency f = 1/(27+/LC).

a fully gapped SC. Our detailed findings are elaborated on
below.

To determine T.(H) of NbReSi, we use a standard probe-
detuning method (see Fig. 6), which gives T.(5T) = 4.4 K.
The superconducting transition is also confirmed by the Ko-
rringa product in the *>Nb case (see the inset in Fig. 7) [51].
Above T,, we observed an ideal behavior [i.e., (7;T)~" con-
stant], typical of standard metals. As the temperature drops
below T, = 4.4 K, we observed a gradual decrease of the
(T;T)~! product, reflecting a slowing down of the relaxation
rate due to electron pairing, a key signature of the supercon-
ducting state.

To determine the nature of the superconducting gap,
we turn to the relaxation-rate data. The relaxation of
Nb nuclei can be modeled by an exponential func-
tion Tl_l x exp(—A/kgT) (see Fig. 7). The fit provides a
temperature-independent gap A/kg = 4.5+ 0.9 K (equiva-
lent to A/kgT, = 1.02), lower than that determined by other
techniques, most likely reflecting an important quadrupole
contribution to relaxation. Independent of the gap value, the
exponential decrease of relaxation can be interpreted as a
critical slowing down of the electronic spin fluctuations. The
fact that the superconducting gap is constant and tempera-
ture independent provides strong evidence of conventional
s-wave superconductivity in NbReSi, although NMR is not
sensitive enough to distinguish single- from multigap SC.
Since unconventional superconductivity would give rise to a
power-law-dependent relaxation rate vs temperature (see, e.g.,
Ref. [52]), the exponential decrease of relaxation is sufficient
to prove that the system possesses a fully opened gap. Never-
theless, for completeness, below we discuss some surprising
aspects that, although unexpected, can still be reconciled with
the theory of conventional SC.

It is surprising that the NMR relaxation data do not exhibit
a Hebel-Slichter (HS) peak just below the superconducting
transition, a typical feature of most s-wave superconductors.
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FIG. 7. The NMR relaxation rate T1_1 (at uoH =5 T) as
a function of temperature follows an exponential law, T, o
exp(—A/kgT), typical of s-wave superconductivity with a fixed gap
A. The vertical line at 1 refers to the 7, value at 5 T. Inset: Korringa
product (7;T)~' as a function of temperature. Its constant value
above T, [here, ~0.28 (s K)~!] indicates an ideal metallic behavior,
followed by a gradual decrease below the superconducting transi-
tion. The 7, value determined from (7;7)~' is consistent with those
obtained via other techniques [see Fig. 1(b)].

Several factors might account for the suppression of the HS
peak. First, the impurities may play a role in the reduction
of the HS peak, which might also lead to the weak temper-
ature dependence of NMR shifts [53]. Second, the HS peak
can be smeared out by quadrupole effects, considering that
%Nb has I = 9/2. This smearing has been observed in other
noncentrosymmetric superconductors with an s-wave gap (for
instance, W3Al,C shows an HS peak in the I = 1/2 3C re-
laxation but none in that of I = 5/2 ?’ Al [54]). To disentangle
the contribution of quadrupole effects to the relaxation rate,
one has to either measure the same system at lower fields
or resort to nonquadrupolar nuclei (here, 2°Si). The almost
quadratic decrease of the signal-to-noise ratio with field [55]
and the appearance of acoustic ringing at low frequencies
make this route unpractical. On the other hand, numerical
calculations suggest that the density of states at the Fermi
level is dominated by the Re 5d and Nb 4d orbitals, with the
contribution of Si orbitals being negligible [24]. Hence, we
expect a much weaker magnetic hyperfine coupling to »Si
than to >Nb nuclei, corresponding to a much slower relax-
ation in the former case. Indeed, experimentally, we find that,
in NbReSi, the relaxation rate of 2°Si nuclei is prohibitively
slow (~30 s at 4 K, becoming exponentially slower below T.),
thus making the use of 2°Si nuclei unfeasible for probing the
nuclear relaxation in the superconducting state.

It is also surprising that both the line shift and linewidth
(see Fig. 5) are almost constant with temperature, with the
line shapes above and below T, being virtually indistinguish-
able. The insensitivity of the line shift to the superconducting
transition at first seems to suggest a spin-triplet pairing, where
electron spins maintain their mutual orientation across 7.
However, this apparent contradiction is resolved by a com-

parison with well-known transition-metal superconductors.
Indeed, as has been shown for tin, vanadium, niobium, etc.,
their total shift is given as the sum of spin- and orbital
components K = K; + Ky, With Ko, being the dominant
contribution [56]. As the latter is unaffected by the electron-
spin pairing in the superconducting state, this accounts for
an almost constant NMR shift across T, yet it is compatible
with standard s-wave pairing. Indeed, as shown in Fig. 5, we
observe a negligible decrease in frequency, which suggests
that K; < K. Other mechanisms, such as disorder, could
account for the almost constant NMR shift across 7. Indeed,
in strongly coupled systems, even tiny amounts of impurities
can lead to temperature-independent shifts [53]. Last, but not
least, sample-heating effects caused by eddy currents might
also play a role in reducing the observed line shift [57].
However, such effects are normally relevant only at very low
temperatures in good conducting samples (i.e., able to sustain
eddy currents), or for fast pulse-repetition rates. Since neither
the sample nor the measurement conditions fully satisfy such
requirements, it is unlikely that sample heating explains the
weak Knight shifts in NbReSi. In general, although some
questions about the role of quadrupole interactions and disor-
der in suppressing the HS peak remain open, the exponential
dependence of the relaxation rate below 7. unambiguously
proves the existence of fully gapped superconductivity in
NbReSi.

C. Discussion

According to TF-uSR measurements at various tem-
peratures, the superfluid density ps(7) shows an al-
most temperature-independent behavior below 1/37,. [see
Fig. 3(b)], indicating the absence of low-energy excitations
and thus a nodeless SC in NbReSi. Both the single-gap
s-wave and two-gap (s + s)-wave models describe the pi(T)
data very well. However, the field-dependent supercon-
ducting Gaussian relaxation rate oy (H) and the electronic
specific-heat coefficient yy(H) [see Fig. 3(a)] provide clear
evidence of multigap SC in NbReSi, both data sets showing
a distinct field response compared to a single-gap super-
conductor [33,58,59]. As indicated by the arrow in the
inset in Fig. 3(a), yg(H) exhibits a clear change in slope
when the applied magnetic field (here, larger than 1 T)
suppresses the small gap, a feature recognized as the fin-
gerprint of multigap superconductors. Conversely, yy(H)
would be mostly linear in the single-gap case. Moreover,
a single-gap model cannot describe the oy .(H) data [see
the main panel of Fig. 3(a)]. At the same time, the two-
band model yields an upper critical field puoH(2.1 K) =
10.1 T, consistent with the value determined from other
techniques. The derived virtual upper critical field uoH}, =
1.02 T is in good agreement with the field value where yy(H)
shows a change in slope. Here, H}, corresponds to the crit-
ical field which suppresses the small superconducting gap.
The multigap SC of NbReSi can be further inferred from
the temperature-dependent upper critical field H.(T). As
shown in Fig. 1(b), the two-band model [60] is clearly supe-
rior to the Werthamer-Helfand-Hohenberg (WHH) model [61]
over the whole temperature range. The analysis of H.(T)
with the two-band model indicates that the intraband and
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interband couplings are Ay; ~ Axp =0.17 and A, = 0.1,
respectively. As the interband coupling is not much different
from intraband coupling, this makes the SC gaps belonging
to different electronic bands less distinguishable [62]. In ad-
dition, as has been found in other multigap superconductors
[33,40,58,59], a relatively low weight of the second gap or
gap sizes that are not significantly different make it difficult
to discriminate between single- and two-gap superconductors
based only on the temperature-dependent superconducting
properties. However, in the NbReSi case, the electronic band-
structure calculations also support a multigap SC since they
indicate that more than four bands cross the Fermi level [24].

The two-band model indicates an upper critical field
noH»(0) = 13.3 T, which is beyond the weak-coupling Pauli
value, i.e., 1.86kg7. = 12.1 T. In NCSCs, the antisymmetric
spin-orbit coupling allows for the occurrence of an admixture
of singlet and triplet pairings, which in turn can enhance the
upper critical field. Consequently, in this case, a violation of
the Pauli limit hints at the presence of unconventional SC.
Although in NbReSi the band splitting near the Fermi level
is relatively large compared to other NCSCs (i.e., Easoc ~
180 meV) [1,2,24], its superconducting pairing is more con-
sistent with a spin singlet, here reflected in a fully gapped
superconducting state. Indeed, the temperature-dependent
zero-field electronic specific heat Co(T')/T, superfluid density
pse(T), and NMR spin relaxation rate TI’I(T) all suggest
a nodeless SC in NbReSi. Furthermore, the preserved TRS
below T, as revealed by ZF-uSR, suggests the absence of
spin-triplet pairing in NbReSi. Therefore, the enhanced H,,
of NbReS:i is unlikely to be caused by a mixed type of pairing.
Strong electron correlations can also lead to a large H,,; for
example, the noncentrosymmetric CePt3;Si and Ce(Rh,Ir)Si3
exhibit H,, values far beyond the Pauli limit [23,63,64]. In
NbReSi, however, both the temperature-independent Korringa
product (7;7)~" in the normal state and the small electronic
specific-heat coefficient (y, ~ 8.23 mJ/mol-K? [24]) sug-
gest weak electron correlations. A large superconducting gap
value or a strong electron-phonon coupling may also enhance
H., [1,65]. However, the estimated electron-phonon coupling
Aep = 0.66 is rather weak in NbReSi [24], while its gap value
Ao = 1.95kgT,, as determined from TF-uSR [see Fig. 3(b)],
is not much larger than the BCS weak-coupling value (i.e.,
1.76kpT,).

Having excluded some common causes of a large H,,
we examine now the role of anisotropy, considering that a
highly anisotropic structure can often lead to a sizable H,,. For
instance, in the quasi-one-dimensional Cr-based A;Cr;As;
(A = K, Rb, and Cs) superconductors, despite a T in the 2 to
6 K range, upper critical fields up to 40 T have been reported
[66—70]. Although triplet pairing was proposed for A,Cr;As;
[71-73], a violation of the Pauli limit is also possible for
singlet SC. In this case, the spins of Cooper pairs are aligned
predominantly along the Cr chains, which play the role of
the easy magnetization axis but cause no magnetic order in
the normal paramagnetic state. This scenario is consistent
with the presence of Pauli-limiting pair breaking and the
strong H,, (T ) anisotropy observed in K,Cr3As; [66]. NbReSi
adopts a hexagonal crystal structure (P62m, No. 189, with in-
plane and out-of-plane lattice parameters a = 6.7194 A and
¢ = 3.4850 A), which is very similar to the crystal structure of

A>Cr3As; (P6m2, No. 187). Both structures lack an inversion
center and have a Ds;, point group. Therefore, the large H,,
of NbReSi is most likely related to its anisotropic crystal
structure. Such a scenario is indirectly supported by the fact
that the sister compound TaReSi, which also adopts a noncen-
trosymmetric crystal structure (space group /ma2, No. 46) but
is less anisotropic [74], exhibits a relatively lower upper crit-
ical field, uoH:2(0) = 6.6 T. To clarify the role of anisotropy
in enhancing H,,, measurements on NbReSi single crystals
are highly desirable. In addition to the above intrinsic effects,
extrinsic effects may enhance H., of NbReSi. For instance, as
previously reported for MgB,, single crystals exhibit Hc,(0)
up to 18 T [75], while a sizable impurity scattering introduced
by disorder significantly enhances this value up to almost 50 T
[76]. To exclude (or confirm) this possibility, again, measure-
ments on high-quality single crystals are required. Although
to date NbReSi single crystals are not available, future work
on crystal growth could make them accessible.

IV. CONCLUSION

To summarize, we studied the superconducting properties
of the noncentrosymmetric NbReSi superconductor by means
of the uSR and NMR techniques. The superconducting state
of NbReSi is characterized by 7, = 6.5 K and an upper critical
field uoH:(0) = 13.3 T. The temperature-dependent super-
fluid density and the NMR spin-lattice relaxation rate reveal
a nodeless superconductivity, well described by an isotropic
s-wave model. The NMR Knight shift exhibits only a
negligible drop below 7;, most likely due to a dominant
orbital contribution. Field-dependent measurements, includ-
ing muon-spin relaxation and the electronic specific-heat
coefficient, imply the presence of multiple superconducting
gaps in NbReSi. This is also supported by the temper-
ature dependence of the upper critical field H»(T). The
lack of spontaneous magnetic fields below T, indicates that,
unlike in ReT or elementary rhenium superconductors, time-
reversal symmetry is preserved in the superconducting state
of NbReSi. In general, the SR and the NMR relaxation-rate
results are highly consistent with a spin-singlet pairing in
NbReSi. Finally, the violation of the Pauli limit in NbReSi
is most likely related to its anisotropic crystal structure rather
than to an unconventional type of pairing.
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