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Recently, compounds with noncentrosymmetric crystal structure have attracted much attention for providing
a rich playground in search for unconventional superconductivity. NbIr2B2 is a new member to this class of
materials harboring superconductivity below Tc = 7.3(2) K and a very high upper critical field that exceeds Pauli
limit. Here we report on muon spin rotation (μSR) experiments probing the temperature and field dependence of
effective magnetic penetration depth in this compound. Our transverse-field-μSR results suggest a fully gapped
s-wave superconductivity. Furthermore, the estimated high value of the upper critical field is also supplemented
by high-field transport measurements. Remarkably, the ratio Tc/λ

−2(0) obtained for NbIr2B2 (∼2) is comparable
to those of unconventional superconductors. Zero-field μSR data reveal no significant change in the muon spin
relaxation rate above and below Tc, evincing that time-reversal symmetry is preserved in the superconducting
state. The presented results will stimulate theoretical investigations to obtain a microscopic understanding of the
origin of superconductivity with preserved time-reversal symmetry in this unique noncentrosymmetric system.

DOI: 10.1103/PhysRevB.106.094507

I. INTRODUCTION

The crystal structure of a noncentrosymmetric supercon-
ductor (NCS) lacks a center of inversion favoring an electronic
antisymmetric spin orbit coupling (ASOC) to subsist by
symmetry [1–5]. For sufficiently large ASOC, one may ex-
pect mixing of spin-singlet and spin-triplet Copper pairing
channels leading to many exotic superconducting proper-
ties, namely, very high upper critical fields higher than the
Pauli limit, nodes in the superconducting gaps, appearance of
tiny spontaneous fields below the superconducting transition
temperature Tc, breaking time-reversal symmetry (TRS) etc.
[4,5]. For this reason, NCSs are of significant interest and
have become an intensively studied topic in contemporary
condensed-matter research.

There are quite a few examples of NCSs in the literature,
e.g., CePt3Si [6], Ce(Rh,Ir)Si3 [7,8], LaNiC2 [9], La7Ir3 [10],
RexTy series (T = 3d–5d early transition metals) [11–14],
Mg10Ir19B16 [15], ARh2B2(A= Nb and Ta) [16–18], etc.,
[4,5,19–25]. Among these wide range of materials, com-
pounds without any magnetic f electron element are of
particular interest because it allows to study the intrinsic pair-
ing mechanisms in NCSs. Thus, the search for new NCSs of
this class has become an exigent goal. Very recently, we have
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discovered two novel Ir-based NCSs NbIr2B2 and TaIr2B2

forming a unique low symmetry Cc noncentrosymmetric crys-
tal structure [26]. First-principles calculations and symmetry
analysis suggest that these materials are topological Weyl
metals in the normal state [27]. Bulk measurements reveal
superconducting properties having Tc’s 7.2 and 5.1 K along
with considerably high value of the upper critical fields 16.3
and 14.7 T, respectively. Interestingly, theoretical calculations
signals a possible multigap scenario for NbIr2B2. Therefore,
a detailed microscopic experimental study is essential to ad-
dress this intriguing aspect. Muon spin rotation/relaxation
(μSR) [28–30] is a very sensitive technique to probe the
superconducting gaps and the nature of the pairing in su-
perconductors. In the case of a type-II superconductor, the
mixed or vortex state creates flux line lattice (FLL) which
gives rise to an inhomogeneous spatial distribution of local
magnetic fields influencing the muon spin depolarization rate.
It is directly related to the magnetic penetration depth λ which
is one of the fundamental length scales of a superconductor.
The temperature dependence of λ is sensitive to the structure
of the superconducting gap. Moreover, zero-field μSR is a
very powerful tool to detect the presence of infinitesimally
small magnetic field which is crucial in verifying whether
TRS is broken in the superconducting state.

In this paper, we present the results of our detailed μSR
investigation performed on NbIr2B2 aiming to unravel the su-
perconducting gap structure and to check whether the TRS is
broken or preserved in the superconducting state. In addition,
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FIG. 1. (a) Crystal structure of NbIr2B2. Orange spheres represent Nb atoms and Ir atoms are shown as blue spheres. For better clarity B-B
dimers are not presented in the figure. (b) Temperature dependence of magnetic susceptibility measured in a zero-field-cooled condition under
1-mT applied field. (c) Zero-field electrical resistivity (ρ) as a function of temperature. (d) μ0Hc2(T ) phase diagram. Red and blue solid lines
correspond to the fitting using different models as discussed in the text. The inset: field dependence of normalized resistivity (ρ/ρ0) measured
at different temperatures. Only few selected temperatures are shown for clarity.

we also report electrical transport measurements under high
magnetic fields (up to 20 T) down to 300 mK to extract more
reliable value of upper critical field. Our results evince fully
gap s-wave pairing with preserved time-reversal symmetry in
NbIr2B2 possessing a very high value of an upper critical
field.

II. EXPERIMENTAL DETAILS

A polycrystalline sample of NbIr2B2 was prepared by
a solid-state reaction method of the constituent elements.
The detailed procedure of sample preparation can be found
in Ref. [26]. Phase purity of the polycrystalline sample
was checked by powder x-ray diffraction (XRD) using Cu
Kα radiation and other metalographic experiments, such as
scanning electron microscopy and energy-dispersive x-ray
spectroscopy. The details of Rietveld analysis together with
crystallographic data can be found in Ref. [26]. A NbIr2B2

sample for magnetotransport measurements was prepared in
a bar form with four 50-μm diameter platinum wire leads
spark welded to the sample surface. Transverse-field (TF) and
zero-field (ZF) μSR experiments were carried out at the Paul
Scherrer Institute (Villigen, Switzerland). The measurements
down to 1.5 K were performed at the πM3.2 beamline using
a GPS spectrometer, and measurements down to 270 mK
were conducted at the πE1 beamline on the DOLLY spec-
trometer. The powdered sample was pressed into a 7-mm
pellet which was then mounted on a Cu holder using GE
varnish. This holder assembly was then mounted in the respec-
tive spectrometer cryostats. Both spectrometers are equipped
with a standard veto setup [31] providing a low-background
μSR signal. All the TF experiments were performed after
field-cooled cooling the sample. The μSR time spectra were
analyzed using the MUSRFIT software package [32].

III. RESULTS

A. Crystal structure, sample characterization,
and high magnetic-field measurements

Figure 1(a) shows the crystal structure of NbIr2B2. The
same type of polyhedrons, oriented in different directions, are
formed by Nb atoms with an Ir atom inside. For clarity B-B
dimers, which are located in voids of the polyhedrons, are
not presented in the figure. The superconductivity of the sam-
ples was confirmed by magnetic susceptibility and electrical
resistivity measurements. Figure 1(b) shows the temperature
dependence of magnetic susceptibility (measured in zero-
field-cooled condition in an applied field of 1 mT) which
manifests a diamagnetic signal below Tc,χ = 7.16 K concur-
rent with the offset of zero-resistivity [Fig 1(c)]. These results
highlight the good quality of the sample with superconducting
properties matching well with our previous report [26].

Figure 1(d) represents the upper critical field-temperature
[μ0Hc2(T )] phase diagram determined from field-dependent
electrical transport measurements performed at National High
Magnetic Field Laboratory. The data points were obtained
from ρ vs μ0H measurements carried out at constant tem-
peratures. Selected curves are shown in the inset of Fig. 1(d)
(presented as normalized resistivity). The critical field at each
temperature was estimated as a midpoint of the transition.
It is worth noting that the superconducting transition only
slightly broadens under the highest applied magnetic field. It
is quite evident from the linear temperature dependence of the
upper critical field that μ0Hc2(T ) cannot be modeled using the
Werthamer-Helfand-Hohenberg model [33] which accounts
for Pauli limiting and spin-orbit scattering effects. We used the
following model to describe the temperature dependence of
upper critical field μ0Hc2(T ) = μ0Hc2(0)[1 − (T/Tc)n] yield-
ing n = 1.02(2) and μ0Hc2(0) = 17.0(1) T. Notably, thus,
the obtained value of μ0Hc2(0) is considerably higher than
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FIG. 2. (a) ZF μSR asymmetry spectra recorded at 1.5 and 10 K for NbIr2B2. (b) Temperature dependence of the electronic relaxation rate
measured in zero magnetic field. (c) TF μSR time spectra obtained above and below Tc for NbIr2B2 in an applied field of 25 mT (after field
cooling the sample from above Tc). (d) Fourier spectra at 0.27 K (blue) and 12 K (red) obtained by fast Fourier transformation of the μSR time
spectra from panel (c).

the Pauli-limiting field [13.3(1) (T)] signaling non-BCS-type
superconductivity in NbIr2B2. To model the data, we also
tested the Ginzburg-Landau expression [34],

μ0Hc2(T ) = μ0Hc2(0)
(1 − t2)

(1 + t2)
, (1)

where t = T/Tc and Tc is the transition temperature at zero
magnetic field. As seen from the fitting (blue solid line), this
model does not work in the present case.

B. ZF-μSR measurements

In NCSs, due to the admixture of spin-singlet and spin-
triplet superconducting channels, small magnetic moments
associated with the formation of spin-triplet electron pairs
might appear in the superconducting state. Thus, NCSs are
prime candidates to search for novel superconductors showing
TRS breaking. To explore this tempting issue in this novel
NCS NbIr2B2, we first performed ZF-μSR experiments above
and below Tc to detect any possible spontaneous magnetic
fields which lead to broken TRS. Figure 2(a) shows the ZF-
μSR asymmetry spectra for temperatures above and below
Tc. We do not observe any noticeable difference in the spectra

suggesting absence of any spontaneous field in the supercon-
ducting state. The ZF-μSR asymmetry spectra can be well
described by a damped Gaussian Kubo-Toyabe depolariza-
tion function [35] AZF(t ) = A0GKT exp(−�t ) where A0 is the
initial asymmetry, GKT is the Gaussian Kubo-Toyabe (KT)
function [35] which accounts for an isotropic Gaussian distri-
bution of randomly oriented static (or quasistatic) local fields
at the muon sites, and � is the electronic relaxation rate. Fig-
ure 2(b) represents the temperature dependence of � which
shows no considerable enhancement across Tc. The maximum
possible spontaneous flux density due to superconductivity
can be estimated using (�|1.5 K − �|10 K )/(2πγμ) = 0.43 μT
which is several times smaller than that seen for well-known
TRS breaking superconductors [9,10,13,36]. We note that
even though the field resolution of the instrument is finite,
it is sufficient to detect an internal field of the magnitude
found in other superconductors where time-reversal symmetry
breaking was observed. Therefore, it can be concluded that the
time-reversal symmetry is preserved in the superconducting
state of NbIr2B2. Electronic structure calculation presented
in our earlier report [26] manifests that in spin-split bands
E (k) = E (−k) degeneracy is kept whereas the spin direc-
tion is flipped without giving rise to any net moment as k
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is changed to −k. Therefore, the absence of time-reversal
symmetry breaking in the superconducting state is consistent
with the electronic structure calculation.

C. TF-μSR measurements

Figure 2(c) represents TF-μSR spectra for NbIr2B2 mea-
sured in an applied magnetic field of 25 mT at temperatures
above (12-K) and below (0.27-K) Tc. Above Tc, we observed
a small relaxation in TF-μSR spectra due to the presence of
random local fields associated with the nuclear magnetic mo-
ments. However, in the superconducting state, the formation
of FLL causes an inhomogeneous distribution of magnetic
field which increases the relaxation rate of the μSR sig-
nal. Assuming a Gaussian field distribution, we analyzed the
observed TF-μSR asymmetry spectra using the following
functional form:

ATF(t ) = A0 exp(σ 2t2/2) cos(γμBintt + ϕ), (2)

where A0 refers to the initial asymmetry, γμ/(2π ) � 135.5
MHz/T is the muon gyromagnetic ratio, and ϕ is the initial
phase of the muon-spin ensemble, Bint corresponds to the
internal magnetic field at the muon site, respectively, and σ

is the total relaxation rate. Here, σ is related to the super-
conducting relaxation rate σSC, following the relation σ =√

σ 2
nm + σ 2

SC where σnm is the nuclear contributions which is
assumed to be temperature independent. For estimating σSC,
we considered the value of σnm obtained above Tc where only
nuclear magnetic moments contribute to the muon depolariza-
tion rate σ and kept it fixed. The fits to the observed spectra
with Eq. (2) are shown in solid lines in Fig. 2(c). Figure 2(d)
depicts the Fourier transform amplitudes of the TF-μSR
asymmetry spectra recorded at 12 and 0.27 K [Fig. 2(c)]. We
observed a sharp peak in the Fourier amplitude around 25 mT
(external applied field) at 12 K confirming homogeneous field
distribution throughout the sample. Notably, a fairly broad
signal with a peak position slightly shifted to lower value
(diamagnetic shift) was seen at 0.27 K evincing the fact that
the sample is indeed in the superconducting mixed state where
the formation of the FLL causes such broadening of the line
shape.

In Fig. 3(a), we have presented σsc as a function of tem-
perature for NbIr2B2 measured at an applied field of 25 mT.
Below Tc, the relaxation rate σsc increases from zero due
to inhomogeneous field distribution caused by the formation
of FLL and saturates at low temperatures. In the following
section, we show that the observed temperature dependence
of σsc, which reflects the topology of the superconducting gap,
is consistent with the presence of the single gap on the Fermi
surface of NbIr2B2. Figure 3(b) shows the temperature depen-
dence of the relative change in the internal field normalized to
the external applied field �B/Bext (= Bint−Bext

Bext
). As seen from

the figure, internal field values in the superconducting state
(i.e., T < Tc) are lower than the applied field because of the
diamagnetic shift, expected for type-II superconductors.

Considering a perfect triangular vortex lattice, the muon
spin depolarization rate σsc(T ) is directly related to the
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FIG. 3. (a) Temperature evolution of the superconducting muon
spin-de-polarization rate σsc of NbIr2B2 measured in an applied
magnetic field of 25 mT. (b) Temperature dependence of the relative
change in the internal field normalized to the external applied field
�B/Bext (= Bint−Bext

Bext
).

London magnetic penetration depth λ(T ) by [37,38]

σ 2
sc(T )

γ 2
μ

= 0.003 71
�2

0

λ4(T )
. (3)

Here, �0 = 2.068 × 10−15 Wb is the magnetic flux quantum.
We note that Eq. (3) is only valid when the separation between
the vortices is smaller than λ which is presumed to be field
independent in this model [37]. To gain insight about the su-
perconducting gap structure of NbIr2B2 and estimate various
parameters defining the superconducting state of this system,
we analyzed the temperature dependence of the magnetic
penetration depth λ(T ).

Within the London approximation (λ � ξ ), λ(T ) can be
described by the following expression [32,34,39]:

λ−2(T,�0,i )

λ−2(0,�0,i )
=1 + 1

π

∫ 2π

0

∫ ∞

�(T,ϕ )

(
∂ f

∂E

)
E dE√

E2 − �i(T, ϕ)2
,

(4)
where f = [1 + exp(E/kBT )]−1 is the Fermi function, ϕ is
the azimuthal angle along the Fermi surface, and �0,i(T ) =
�0,i �(T/Tc) g(ϕ). �0,i is the maximum gap value at T =
0 K. The temperature dependence of the gap is described by
the expression �(T/Tc) = tanh{1.82[1.018(Tc/T − 1)]0.51}
[40]. The angular dependence g(ϕ) takes the value of 1 for the
s-wave gap whereas for a nodal d-wave gap it is | cos(2ϕ)|.
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In the present case, as seen from Fig. 4(a), the experi-
mentally obtained λ−2(T ) is best described by a momentum-
independent single s-wave model with a gap value of �0 =
1.32(2) meV and Tc = 7.3(2) K. Thus, obtained Tc is in good
agreement with that estimated from other measurements [see
Fig. 1(b)]. In our previous report [26], the specific-heat data
were fitted using two models: single-gap s wave and two-gap
s + s wave. Interestingly, the gap value determined from μSR
studies matches very well with that obtained previously using
a single gap [1.35(6)-meV] s-wave model [26]. Our attempt
to model λ−2(T ) using two gaps was unsuccessful as the
relative weight of the gaps was reaching a value close to 0,
implying a single gap is more appropriate. Furthermore, we
also tried to fit the data fixing the gap values to those obtained
in Ref. [26] [blue solid line in Fig. 4(a)]. This also failed
to model the experimentally observed temperature depen-
dence of λ−2(T ). We note that even though the (s + s)-wave
picture describes the heat-capacity data slightly better [26],
the question whether NbIr2B2 is a single-gap s-wave or the
two-gap (s + s)-wave superconductor remained speculative.

Therefore, from the μSR experiments we confirm the pres-
ence of single superconducting gap.

To further corroborate a fully gapped state, we performed
the field dependence of the TF-μSR experiments. The TF-
relaxation rate σsc(B) measured at 0.27 K is shown in
Fig. 4(b). During measurement, each point was obtained by
field cooling the sample from 12 K (above Tc) to 0.27 K. σsc

first increases with increasing magnetic field until reaching
a maximum at 15 mT followed by a continuous decrease
up to the highest field (300 mT) investigated. Such field de-
pendence resembles with the form expected for a single-gap
s-wave superconductor with an ideal triangular vortex lattice.
Furthermore, the observed σsc(B) curve at fields above the
maximum, can be analyzed using the Brandt formula (for an
s-wave superconductor) [38],

σsc[μs−1] = 4.83 × 104
(

1 − H

Hc2

)

×
⎡
⎣1 + 1.21

(
1 −

√
H

Hc2

)3⎤⎦λ−2 [nm−2]. (5)

which provides an estimate of upper critical field at 0.27-K
μ0Hc2(0.27 K) = 15.8(3) T which is in good agreement with
the value obtained from the electrical resistivity measure-
ments (see above).

IV. DISCUSSION

The upper critical field-temperature phase diagram mani-
fests a linear relationship [Fig. 1(d)]. Such behavior is quite
rare and strongly suggests unconventional superconductivity
in NbIr2B2. It is worth noting that a nearly linear μ0Hc2(T )
behavior was observed previously in two-band superconduc-
tors Lu2Fe3Si5 [41] and Ba(Fe1−xCox )2As2 [42]. However,
Kogan and Prozorov showed that Hc2(T ) linearity might be
caused by competing effects of the equatorial nodes and of
the Fermi-surface anisotropy [43].

Considering the λ−2(T ) dependence observed for NbIr2B2,
it is important to note that the (px + ipy) pairing symmetry
is also characterized by the full gap and would also give
saturated behavior of λ−2(T ) at low temperatures. But, the
possibility of px + ipy pairing can be unequivocally excluded
by the absence of the TRS-breaking state. Furthermore, to
outwit any possibility of having nodes (see the Supplemental
Material of Ref. [26]) in the superconducting gap structure,
we also tested nodal gap symmetry [see Fig 4(a)], which
was found to be inconsistent with the data. Therefore, we
ascertain a nodeless or fully gapped state as the most plausible
superconducting pairing state in NbIr2B2. This conclusion is
also supported by the field dependence of the depolarization
rate.

The ratio of the superconducting gap to Tc was estimated
to be (2�0/kBTc) ∼ 4.2 which is consistent with the strong-
coupling limit BCS superconductors [44]. Interestingly, for
the Bose-Einstein condensation- (BEC-) like picture, a sim-
ilar ratio can also be expected. Thus, just from the ratio
2�0/kB Tc, we cannot effectively distinguish between BCS or
BEC condensations [45]. In this regard, the Tc/λ

−2(0) ratio is
a quite crucial parameter to address this conjecture. Within
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the picture of BEC to BCS crossover [46,47], systems ex-
hibiting small Tc/λ

−2(0) are considered to be on the BCS-like
side, whereas the large value of Tc/λ

−2(0) ∼120 and the
linear relationship between Tc and λ−2(0) is expected only
on the BEC-like side and is considered a hallmark feature of
unconventional superconductivity [44,48–50]. For NbIr2B2,
we obtained the ratio Tc [K]/λ−2(0) [μm−2] ∼ 2 which is
intermediate between the values observed for electron-doped
[Tc/λ

−2(0) ∼ 1] and hole-doped [Tc/λ
−2(0) ∼ 4] cuprates

[46,47,51]. This result yields strong evidence for an uncon-
ventional pairing mechanism in NbIr2B2 which also exhibits
linear temperature dependency of the upper critical field.

In unconventional superconductors, one of the important
parameters defining superconductivity is the superconduct-
ing carrier density ns. Within the London theory [28], the
penetration depth is directly related to microscopic quanti-
ties, such as the effective mass, m∗, and ns via the relation
λ2(0)=(m∗/μ0nse2). Here, m∗ can be estimated from the re-
lation m∗ = (1 + λe-ph )me, where λe-ph is the electron-phonon
coupling constant which was previously found out to be 0.74
from heat capacity [26], and me is the electron rest mass. From
λ−2(T ) dependence, we determined λ(0) = 516 (3) nm. Thus,
for NbIr2B2, we estimated ns = 1.88 × 1026 m−3. This value
is comparable to that observed in other unconventional su-
perconductors, namely, ZrRuAs (ns = 2.1 × 1026 m−3) [21],
Nb0.25Bi2Se3 (ns = 0.25 × 1026 m−3) [52], K2Cr3As3 (ns =
2.7 × 1027 m−3) [53], etc. Thus, the relatively high value of
Tc and low value of ns in NbIr2B2 are also suggestive of
unconventional superconductivity in this compound. The pre-
vious band-structure calculation [26] shows existence of two
Fermi-surface sheets in NbIr2B2. Therefore, Hall conductivity
measurements are called for on this compound. This will
be decisive to address the question whether the single-gap
superconductivity in NbIr2B2 as seen through the micro-
scopic experimental probe, such as μSR, originates from the

superconducting gap occurring only on an electron or holelike
Fermi surface.

V. CONCLUSION

In conclusion, we provide a detailed microscopic un-
derstanding of the superconducting gap structure of novel
noncentrosymmetric superconductor NbIr2B2. The tempera-
ture as well as the field dependence of λ−2 was investigated
by means of μSR experiments which allowed us to deter-
mine the zero-temperature magnetic penetration depth λ(0).
Interestingly, the Tc/λ

−2(0) ratio is comparable to those of
high-temperature unconventional superconductors, signaling
the unconventional nature of superconductivity in this com-
pound. The linear temperature dependence of upper critical
field also supports this idea. Furthermore, μSR, which is an
extremely sensitive magnetic probe, reveals the absence of
any spontaneous magnetic fields that would be expected for
a TRS-breaking state in the bulk of NbIr2B2. Therefore, our
results classify NbIr2B2 as an unconventional time-reversal
invariant and single-gap superconductor.
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