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Magnetization, specific heat, and muon spin relaxation (µSR) experiments have been carried out on the Cr-based
nitride superconductor La3Cr10−xN11, which exhibits a number of unconventional superconducting properties. The sus-
ceptibility χ(T ) shows nearly perfect superconducting diamagnetism (4πχ(T = 0)≈−1) and a remarkably high upper crit-
ical field µ0Hc2 = 11.2 T. The specific heat displays activated exponential behavior exp(−∆0/kBT ), together with a large
and field-dependent residual Sommerfeld coefficient. Transverse-field muon spin relaxation (µSR) measurements suggest
s+s-wave or p-wave pairing symmetry, ruling out single s-wave pairing. Zero-field µSR yields no statistically significant
evidence for time reversal symmetry breaking (TRSB), and places an upper bound of 1.5(1.3) ms−1 on any TRSB-induced
muon relaxation rate at T = 0. Our results suggest that the unconventional superconductivity in Ln3Cr10−xN11, Ln = La
and Pr, is mainly due to Cr 3d electrons and is similar in both compounds, whereas Pr 4f electrons are primarily responsible
for the TRSB superconductivity observed in Pr3Cr10−xN11.
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PACS: 71.27.+a, 74.70.Tx, 76.75.+i

DOI: 10.1088/1674-1056/ae001a CSTR: 32038.14.CPB.ae001a

1. Introduction

Unconventional superconductivity has been an intriguing
topic in condensed matter physics for quite some time. Various
novel properties, including unconventional pairing symmetry
beyond BCS theory,[1–4] competition between superconductiv-
ity and density-wave order, and coexistence of superconduc-
tivity and magnetism,[5–7] have been observed in unconven-
tional superconductors. Complex phase diagrams with exotic
quantum states have been widely studied in heavy fermion,
copper-based, and iron-based superconductors since they were
first discovered.[8–13] Heavy-fermion systems have received
much attention due to the discovery of quantum critical points
and spin-triplet superconductivity in recent years.[14–20] How-
ever, there are still no general conclusions regarding mecha-
nisms for unconventional superconductivity,[21,22] and in par-
ticular the pairing mechanisms require further investigation.

Several Cr-based superconductors have been re-
ported to exhibit unconventional superconductivity. Nu-

clear magnetic resonance (NMR)[23] and neutron-scattering
measurements[22,24] on the superconductor CrAs revealed an
antiferromagnetic edge state near Tc, indicating magnetic
exchange interactions as a possible superconducting pair-
ing mechanism. In the quasi-one-dimensional superconduc-
tor K2Cr3As3, the upper critical magnetic field Hc2 is three
times the Pauli paramagnetic limit,[25,26] and the presence
of nodes in the superconducting gap was indicated by muon
spin relaxation (µSR) experiments.[27,28] K2Cr3As3 was sug-
gested to be a candidate material for p-wave pairing symmetry
due to strong ferromagnetic spin fluctuations.[29–31] Time-
reversal symmetry breaking (TRSB) superconductivity was
discovered in the Pr-based filled skutterudite superconduc-
tors PrOs4Sb12

[18] and PrPt4Ge12.[16] The Pr 4f electrons are
considered to play an important role in the unconventional
superconductivity of these compounds, since the isomorphic
compounds LaOs4Sb12

[32] and LaPt4Ge12
[33] are conventional

superconductors without TRSB.
A Cr-based nitride superconductor Pr3Cr10−xN11 (PCN)
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was reported in 2019 (Tc = 5.25 K).[34] PCN exhibits a large
upper critical field µ0Hc2 = 20–30 T, TRSB in the super-
conducting state, and possible p-wave pairing symmetry.[35]

Intriguingly, the La superconductor isomorph La3Cr10−xN11

(LCN), Tc = 4.6 K,[36] also has a large µ0Hc2 = 12.2 T, which
may indicate unconventional superconductivity in it as well.
Electronic structure calculations[34,36] conclude that the dom-
inant electron density of states at the Fermi surface arises
from Cr 3d electrons in both LCN and PCN. These results
immediately raise the question of the origin of the unconven-
tional superconductivity in both compounds. A detailed study
of the superconductivity of LCN, especially concerning time-
reversal symmetry, is clearly needed.

The muon spin rotation/relaxation (µSR) technique uses
the muon spin as a probe of magnetic properties on the
atomic scale,[37,38] and is a useful technique for exploring
novel features of unconventional superconductors.[39] Its high
sensitivity to local magnetic fields makes µSR in zero ap-
plied field (ZF-µSR) useful to study extremely small in-
ternal fields in materials, and in particular to probe TRSB
in superconductors.[40,41] The additional relaxation rate in
transverse-field (TF-µSR) experiments in the vortex state of
a type-II superconductor[42] is due to the field distribution in
the vortex lattice, and is associated with the superconducting
penetration depth and the superfluid density. Its temperature
dependence provides important information on the symmetry
of superconducting Cooper pairs.[43,44]

This paper reports the results of dc magnetic susceptibil-
ity, resistivity, specific heat, and µSR experiments performed
on a polycrystalline sample of LCN. The presence and unusual
field dependence of a residual T = 0 electronic specific heat
coefficient γ0, the large Hc2, and the temperature dependence
of the superfluid density are found to be similar to those of
PCN, but ZF-µSR results indicate that TRSB is quite unlikely
in LCN. We conclude that the unconventional superconductiv-
ity is similar in the two compounds, and primarily originates
from the Cr 3d electrons. Pr 4f electrons in PCN are apparently
responsible for TRSB superconductivity in that compound, but
seem to play at most a minor role in superconducting pairing.

2. Experiment
Polycrystalline samples of LCN were prepared by direct

reactions of the corresponding binary nitrides, using the pro-
cedure of Li et al.[36] LaN and a mixture of CrN and Cr2N
with a mass ratio of 3:7 were mixed thoroughly in a glove box
filled with Ar gas. The mixed powder was pressed into pel-
lets and sealed in an evacuated quartz tube. The tube was then
placed in a muffle furnace to start the sintering process. The
temperature was increased to 1000 ◦C over a day, maintained
for 50 hours, and then cooled to room temperature. The sin-
tered pellets were then ground in a glove box. Additional LaN

(about 10% of the total mass) was added to react with excess
Cr2N. After thorough mixing, the mixture was again pressed
into pellets and sealed in a quartz tube filled with nitrogen to
reduce loss during the reaction. The pellets were again sin-
tered, with the temperature increased to 1165 ◦C at the same
rate as in the first sintering. This temperature was maintained
for 120 hours to ensure a complete reaction. The temperature
was slowly lowered to around 800 ◦C, and then cooled to room
temperature. Since the quartz tube could soften at 1165 ◦C, the
slow cooling helped to ensure its integrity and the stability of
the internal nitrogen environment. During the entire process,
the time when the sample was exposed to air was kept below
two minutes.

Due to limitations in the growth method, impurities and
Cr vacancies are inevitably present in the final product. In
a previous study,[36] x-ray diffraction measurements on a
similarly-prepared LCN sample found a low level of unreacted
Cr2N to be the primary impurity component.

The magnetization of LCN was measured using a Quan-
tum Design MPMS SQUID magnetometer. The temperature
dependence of the electrical resistivity ρ(T ) was measured in
a Quantum Design PPMS using a standard four-probe method.
For this measurement, a powder sample was pressed and cut
into a rectangle, and annealed silver wires were glued to the
sample with conductive silver adhesive. Resistances were
measured between 1.8 K and 300 K. The PPMS with a 3He
insert was used to measure the specific heat of the sample be-
tween 400 mK and 300 K.

The µSR experiments were performed on the DR spec-
trometer at the M15 beam line, TRIUMF, Vancouver, Canada,
and the S1 ARTEMIS spectrometer at J-PARC, Ibaraki, Japan.
Pellets of LCN were attached to high-purity Ag sample hold-
ers using diluted GE varnish. Experiments were carried out
down to 100 mK. µSR data were analyzed using the musrfit
software package.[45]

3. Results

3.1. Susceptibility and magnetization

Figure 1(a) shows the temperature dependence of the dc
magnetic susceptibility χ of LCN from 1.9 K to 7 K in a
magnetic field µ0H = 2 mT, for both zero-field cooling (ZFC)
and field cooling (FC). The superconducting diamagnetism is
∼70% larger than previously reported,[36] and approaches the
full shielding value 4πχ = −1 at low temperatures. This is
evidence that the impurity content of the sample is small and
the sample is a bulk superconductor. From the magnetic field
dependence of χ at different temperatures, shown in Fig. 1(b),
the lower critical field µ0Hc1 is estimated to be about 10 mT.
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Fig. 1. (a) ZFC and FC temperature dependence of dc magnetic suscep-
tibility χ of LCN, µ0H = 2 mT. (b) Field dependence of dc magnetiza-
tion M. Black line: fit of Hc1.

3.2. Electrical resistivity

The temperature dependence of the zero-field electrical
resistivity ρ of LCN, shown in Fig. 2(a), exhibits typical
metallic behavior above Tc. The onset of superconductivity
at zero field is 4.0 K, and the resistivity reaches zero at 3.6 K.
The inset shows the field dependence of the superconducting
transition.
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Fig. 2. (a) Temperature dependence of electrical resistivity ρ for LCN at zero
field. Inset: transitions measured at different applied magnetic fields. (b) Up-
per critical field Hc2 obtained from dc resistivity measurements. The “error
bars” are transition widths. Curve: fit of Eq. (1) to the data. Dashed line:
Pauli paramagnetic limit.

Figure 2(b) shows the temperature dependence of Hc2

from the resistivity measurements. The data can be fit by the
empirical formula[34,36]

Hc2(T ) = Hc2(0)(1− t2), (1)

where t = T/Tc. The fit value of µ0Hc2(0) is 11.2(2) T, lower
than that for PCN (20–30 T),[35] but significantly higher than
the Pauli paramagnetic limit µ0HP = 1.84Tc = 7.4 T.[26] This
suggests that LCN is also a candidate unconventional super-
conductor.

3.3. Specific heat

The specific heat C(H,T ) of LCN was measured for ap-
plied fields in the range 0–9 T. The temperature dependence
of C/T in zero field is shown in Fig. 3(a). The usual relation
C/T = γn + βT 2 [46] for normal-state electronic and phonon
contributions in a metal is a good fit to the data above Tc, yield-
ing γn = 0.170(1)4 mJ·g−1·K−2 = 185(1) mJ·mol−1·K−2 and
β = 0.41(1) J·g−1·K−4. The large value of γn is similar to
that of PCN,[35] indicating strong electron correlations. For
comparison, γ (Cr2N) = 22 mJ·mol−1·K2.[34]

The electronic specific heat Ce was obtained by subtract-
ing the βT 3 phonon contribution. Figure 3(b) shows the tem-
perature and field dependencies of Ce/γnT below 5 K. Sharp
superconducting transition jumps are observed, which shift to
lower temperatures and are suppressed by applied field. The
increase ∆Ce of Ce at Tc in zero field yields a ratio ∆Ce/γnTc =

0.715(4). A field-dependent residual specific heat coefficient
(Ce/γnT )T→0 is observed. This was also seen in PCN,[34,35]

and attributed[34] to a Cr2N impurity phase. The normal-state
specific heats per unit mass of LCN/PCN and Cr2N are simi-
lar, however, so that an impurity-phase scenario would require
a Cr2N impurity mass comparable to that of LCN or PCN.
The very small impurity x-ray reflections in both LCN[36] and
PCN[34] make this unlikely. Furthermore, γ0 is strongly field-
dependent in LCN [Fig. 3(b)], which would not be expected
for an impurity phase. A similar field dependence is observed
in PCN.[35]

The curves in Fig. 3(b) are fits of the data to the sum of the
full-gap superconducting model Ce/T ∝ e−∆0/kBT [47,48] and a
constant γ0(H), with entropy balance imposed between the su-
perconducting and normal states. For H = 0 γ0(0)/γn ≈ 0.5
and ∆0 = 0.281(6) meV, ∆0/kBTc = 0.91(2). These are com-
parable to the values for PCN.[35]

The temperature dependence of Hc2 determined from the
specific heat jumps, shown in Fig. 3(c), is consistent with the
results from the resistivity measurements [Fig. 2(b)]. From a
fit of Eq. (1) to the data, µ0Hc2(0) = 10.9(2) T, which is within
experimental error the same as the result 11.2(2) T from resis-
tivity measurements.
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Figure 3(d) shows the field dependence of γ0. The empir-
ical formula

[γ0(H)− γ0(0)]/γn = e−H∗/H , (2)

which was used for PCN,[35] also describes γ0(H) for LCN
up to µ0H ≈ 8 T [curve in Fig. 3(d)]. Above this field, γ0(H)

seems to saturate, resembling the behavior in the ferromag-
netic superconductors UTe2

[49] and URhGe.[50]

3.4. TF-µSR

The µSR asymmetry spectrum A(t) is the sum of a contri-
bution As(t) from muons that stop in the sample and a “back-
ground” contribution Ab(t) from muons that stop in the sil-
ver sample holder. The TF-µSR asymmetry data are well de-
scribed by[44]

A(t) = As(t)+Ab(t), with (3)

As(t) = As0 exp
(
− 1

2 σ2
s t2
)

cos(γµBst +φ), (4)

Ab(t) = Ab0 exp
(
− 1

2 σ2
b t2
)

cos(γµBbt +φ), (5)

where σs and σb are the corresponding relaxation rates and
γµ is the muon gyromagnetic ratio. Gaussian relaxation is as-
sumed.

Equations (3)–(5) were fit to the TF-µSR data. The back-
ground rate σb was negligibly small, and the phase φ and Bb

were constant. Equation (5) with the resulting background pa-
rameters was then subtracted from the data to yield the exper-
imental As(t). Figure 4(a) shows representative results in the
normal state and superconducting vortex-lattice state of LCN,
applied field µ0H = 40 mT. For clarity, the data are shown in
a reference frame rotating[51] at a frequency corresponding to
a field of 35 mT. It can be seen that the damping of the signal
is enhanced in the superconducting state.

In the normal state, the sample rate σs is due to host nu-
clear dipolar fields and is independent of temperature. In the
vortex state of a type-II superconductor, σs is enhanced by the
flux-line lattice (FLL) field distribution n(B),[42] and increases
with decreasing temperature below Tc. The internal field dis-
tribution is a convolution of n(B) and the nuclear dipole field
distribution, so that the observed σs is given by

σs =
√

σ2
sc +σ2

n , (6)

where σsc is the rate in the Gaussian approximation for
n(B).[52]

The temperature dependence of σsc obtained using Eq. (6)
and σn = 0.301(7) µs−1 is shown in Fig. 4(b). The tempera-
ture dependence of σs itself is shown in the inset. The increase
is evidence for bulk superconductivity, although by itself it
does not indicate a low level of normal-state regions in the
sample. If present, these reduce the amount of superconduct-
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ing sample and result in a smaller observed increase.
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40 mT. Curves: Eq. (4) (see text). (b) Temperature dependence of su-
perconducting relaxation rate σsc [Eq. (6)]. Curves: fits of Eq. (9) to
the data with four pairing symmetries as indicated. Inset: temperature
dependence of measured sample rate σs.

In general

σsc = γµ[(∆B)2]1/2, (7)

where [(∆B)2]1/2 is the rms width of n(B). For an isotropic
extreme type-II superconductor,[53]

(∆B)2 = 0.00371Φ
2
0 λ
−4
L , (8)

where Φ0 = 2.07× 10−15 Wb is the flux quantum. The Lon-
don penetration depth λL is related to the density ns of super-
conducting carriers and m∗ by the London equation 1/λ 2

L =

4πnse2/m∗c2.[46] Thus σsc ∝ ns.
For a spherical Fermi surface, the temperature depen-

dence of σs(T )/σs(0) can be written as[15,54,55]

σsc(T )
σsc(0)

=
ns(T )
ns(0)

= 1+
1

2π

∫ 2π

0

∫
π

0

∫
∞

∆

dE sinθ dθ dφ

× d f
dE

E√
E2−∆ 2

, (9)

where ns(0) is the superfluid density at zero temperature, E
is the quasiparticle energy relative to EF, f (E) is the Fermi
function,

∆ = ∆(T,φ ,θ) = ∆0 δ (T/Tc)g(φ ,θ), (10)

δ (T/Tc) = tanh{1.82[1.018(Tc/T −1)]0.51}, (11)

where ∆0 is the T = 0 superconducting energy gap, δ (T/Tc)

is the gap function,[56] and g(φ ,θ) is the angular dependence
of the gap.

Fits of Eq. (9) to the σsc(T ) data for angular dependencies
corresponding to four gap symmetries are plotted in Fig. 4(b).
The fitting parameters are listed in Table 1.

Table 1. Gap functions and fitting parameters for gap symmetry models.

Model s s+s p d

g(φ ,θ) 1 1 |sin(θ)| |cos(2φ)|
Nodes none none point line

σs(0) (µs−1) 0.330(6) 0.341(7) 0.336(5) 0.346(5)
Tc (K) 4.17(15) 4.06(10) 4.07(11) 3.94(5)

∆0 (meV) 0.56(3) 0.65(5) (85%) 0.74(4) 0.99(2)
0.14(8) (15%)

∆0/kBTc 1.55(8) 1.86(14) 2.11(10) 2.94(6)
0.41(24)

Statistical χ2 1.48 0.96 1.01 1.04

The statistical χ2 is large for the s-wave model, but sat-
isfactory for the others. The d-wave model, however, has a
strongly nonzero negative slope at T = 0, whereas the data
favor a smaller or zero slope; the weaker nonzero slope of the
p-wave model could be hidden in the uncertainty. We conclude
that the s+s-wave and p-wave models are the most likely can-
didates for the superfluid symmetry of LCN.

For all models σsc(0) ≈ 0.34 µs−1, which from Eqs. (7)
and (8) yields λL ≈ 550 nm. This large penetration depth is
in agreement with observation of a large residual specific heat
term γ0 (Subsection 3.3). As noted above, however, normal-
state inclusions in the sample would make the observed value
of σsc(0) a lower bound, so that λL could be smaller than this
estimate. Fit values of Tc range around 4.0 K, somewhat higher
than the value of 3.6 K from the ZFC susceptibility [Fig. 1(a)].

3.5. ZF- and LF-µSR

The ZF-µSR is sensitive to small local magnetic fields
(∼0.01 mT).[57,58,60] The observed onset of small fields below
Tc in PCN,[35] which was attributed to TRSB, motivated our
ZF-µSR study of LCN. ZF-µSR spectra at 0.3 K (T < Tc) and
5.5 K (T > Tc), obtained at the J-PARC ARTEMIS spectrom-
eter, are shown in Fig. 5(a). The data are well fit by a single
exponential and a non-relaxing background

A(t) = As e−Λ t +Ab. (12)

There is very little difference between the two spectra.
Static and dynamic field contributions to the muon spin

relaxation rate are hard to distinguish at zero field.[37,38]

Longitudinal-field (LF) µSR experiments were also carried
out, in which a magnetic field HL was applied parallel to the
initial muon spin polarization. A large enough applied field
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“decouples” static local fields from the muon spin polariza-
tion, and any remaining relaxation is dynamic in origin. Rep-
resentative normal-state LF-µSR results, obtained at the TRI-
UMF DR spectrometer, are shown in Fig. 5(b). An applied
field of 5 mT is sufficient to almost completely decouple the
static relaxation. This indicates that the observed ZF relax-
ation rates are dominated by a static field distribution, the
source of which is likely 139La and 14N nuclear dipoles.

The temperature dependence of the ZF rate Λ is shown in
Fig. 5(c). In PCN, Λ(T ) increases more or less linearly below
Tc,[35] so that two linear segments with continuity at Tc,

Λ(T ) =

{
Λn, T > Tc (average),
Λn +Λsc(0)(1−T/Tc), T < Tc,

(13)

were fit to the LCN data. A more detailed fit function such as
that used by Chen et al. is not warranted by the statistics.

The dashed green line in Fig. 5(c) gives the “hypotheti-
cal TRSB” of Eq. (13) to the LCN data, and the average of
all points is shown by the dashed red line. The results and
statistical parameters are given in Table 2. The reduced χ2

red

is good for both fits. The confidence level is the probability
that a random repeat of the given experiment would observe a
worse χ2.[61]
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Fig. 5. (a) ZF-µSR asymmetry spectra at 0.3 K and 5.5 K. Curves: fits
of Eq. (12) to the data. (b) Field dependence of LF-µSR asymmetry spec-
tra, T = 4.037 K. Curves: fits to LF relaxation functions for intermedi-
ate fields.[59] (c) Temperature dependence of ZF-µSR relaxation rate Λ(T ).
Green dashed lines: average above superconducting Tc and linear fit below
Tc (hypothetical TRSB, see text). Red dashed dashed line: average over all
temperatures. Vertical dashed line: Tc from susceptibility and resistivity mea-
surements (Subsection 3.1).

Table 2. ZF-µSR: Linear fit parameters and statistics.

Parameter Λsc(0) Λn Λav χ2
red Confidence level

Hypothetical TRSB 0.0015(13) 0.0630(6) − 1.044 40.3%
Average − − 0.0635(4) 1.076 37.6%

4. Discussion and summary
4.1. Sample quality

The experiments reported here characterize LCN in sev-
eral aspects, and a number of its properties indicate that it is
an unconventional superconductor. The Cr vacancy concen-
tration x is hard to control during synthesis,[62] and the differ-
ence between measured values of the transition temperature Tc

(4.6 K reported in Ref. [36], 3.6–4.0 K in the present study)
may be due to differences in x. Nevertheless, an important
result is that the T = 0 superconducting diamagnetic suscep-
tibility is close to the value −1/4π expected for a bulk super-
conductor. This indicates high sample quality. In addition,
the small and temperature-independent ZF-µSR normal-state
relaxation rate [Fig. 5(c)] indicates a negligible level of para-
magnetic impurities in the sample.

4.2. Electronic specific heat, normal-state ZF-µSR

LCN exhibits a large normal-state Sommerfeld coeffi-
cient γn = 185(1) mJ·mol−1·K−2, somewhat greater than in
a previous report (169 mJ·mol−1·K−2 [36]) and similar to the

value 207 mJ·mol−1·K−2 for PCN.[35] This large term can be
attributed to the intrinsic properties of LCN, but is 10 times
greater than the theoretical prediction for the contribution from
Cr 3d orbitals near the Fermi surface.[34] In PCN the large γn

value has been linked to Pr 4f spin dynamics.[34,35] But from
the normal-state ZF-µSR results (Subsection 3.5), the µSR re-
laxation in LCN is clearly dominated by the (quasi)static nu-
clear dipolar field distribution; there is no evidence for the
dynamic relaxation that would be associated with fluctuating
electronic spins. The similarity of the γn values and T → 0 be-
havior in LCN and PCN also casts doubt on a spin-fluctuation
mechanism in PCN. It can be concluded that in both com-
pounds most of the density of states at the Fermi energy comes
from Cr 3d orbitals in Ln3Cr10−xN11, in agreement with pre-
vious DFT calculations,[34,36] although the measured specific
heats are an order of magnitude larger than those predicted by
theory.

The temperature dependence of Ce(T )/T in supercon-
ducting LCN exhibits the exponential behavior at low tem-
peratures of a fully-gapped superconductor, but this does not
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completely resolve the question of superconducting gap nodes.
The fit yields a value of ∆0/kBTc ∼ 0.92; it and the jump
∆Ce(Tc)/γnTc = 0.715(1) are both considerably smaller than
their BCS values (1.76 and 1.43, respectively[54]).

There are at least two candidate scenarios for this reduc-
tion: the “erasure” of point gap nodes on the Fermi surface by
mixing of states with different orbital angular momenta,[63]

and multi-band superconductivity.[56,64] Each of these is con-
sistent with the observed TF-µSR relaxation, for (erased) p-
wave and s+s-wave symmetries respectively [Fig. 4(b) and
Table 1].

The residual T = 0 value of Ce/γnT [Fig. 3(b)] exhibits
an unusual exponential magnetic field dependence [Fig. 3(d)],
similar to that observed in PCN,[35] UTe2,[49] and URhGe,[50]

with saturation above ∼ 8 T. For UTe2, several explanations
have been discussed,[49,65,66] such as field-induced enhance-
ment of anisotropic gap structures, field-enhanced correlations
among unpaired electrons, and Fermi surface instability. The
microscopic origin of this behavior in LCN remains an open
question.

4.3. Large Hc2, TF- and ZF-µSR, superfluid density, time-
reversal symmetry

LCN and PCN differ significantly from the comparable
filled skutterudite superconductors LnOs4Sb12, Ln = La and
Pr. Both PCN and LCN exhibit Hc2(0) exceeding the Pauli
limit, as does PrOs4Sb12, whereas LaOs4Sb12, unlike LCN,
has BCS-like superconducting properties including a consid-
erably smaller Hc2(0).[67] In the skutterudites, this difference
was attributed to CEF-split 4f levels in the Pr compound. The
large Hc2 in LCN and PCN can be attributed to spin-triplet
pairing, multi-band effects, and strong coupling.

The TF-µSR experiment yields the temperature depen-
dence of the superfluid density of LCN, with results similar
to those observed in PCN.[35] The TF-µSR results (Subsec-
tion 3.4) suggest that s-wave superconducting pairing sym-
metry is unlikely in LCN; p-wave and s+s-wave pairing are
more likely candidate superconducting symmetries. However,
unlike PCN, no statistically significant evidence for a sponta-
neous magnetic field was obtained from ZF-µSR, indicating
the probable absence of TRSB. It can be seen [Fig. 5(c), Ta-
ble 2] that the average and the hypothetical TRSB fits to the
relaxation rate data are essentially statistically equivalent. The
hypothetical TRSB fit rate Λsc(T = 0) = 1.5(1.3) ms−1 is only
a few percent of the static background rate [63(1) ms−1] or the
TRSB rate for PCN [42(5) ms−1 [35]], and differs from zero
only by an amount of the order of its standard deviation.

We conclude that Λsc(T = 0) is only an upper bound on
any rate due to TRSB in LCN. Comparing LCN with PCN,
the unconventional electronic structure and superconductivity
exhibited by PCN both remain intact in LCN despite the ab-
sence of 4f electrons. This is evidence against their direct role

as the primary source of unconventional superconductivity. Pr
4f electrons do, however, induce TRSB in PCN and thus could
potentially influence superconducting pairing.

5. Conclusions
This paper reports a comprehensive characterization of

normal- and superconducting-state properties of LCN using
a number of techniques. Many properties are similar in LCN
and isomorphic PCN. In both compounds, the jump ∆Ce/Tc in
the specific heat at the superconducting transition is small, and
the critical field Hc2(0) exceeds the Pauli limit. Both exhibit
a mysterious residual term γ0(H) in the specific heat coeffi-
cient with an exponential dependence on applied field. TF-
µSR measurements yield similar temperature dependencies of
the superfluid density in both compounds that rule out single-
band s-wave superconducting pairing symmetry. The principal
difference between them is in the results of ZF-µSR experi-
ments, which reveal substantial TRSB relaxation in PCN but
only a very low upper bound on it in LCN.

We conclude that, with the exception of TRSB, uncon-
ventional superconductivity is remarkably similar in LCN and
PCN, a situation that is not found in other rare-earth-based su-
perconductor families. The unconventional superconductivity
observed in LCN seems to serve as the basis for that in PCN,
with TRSB the only observed effect of Pr 4f electrons in PCN.
The 4f electrons influence the superconducting symmetry of
PCN but do not seem to provide the basic pairing mechanism.
Our experiments motivate further studies of Cr-based super-
conductors; a full understanding of the role of 4f electrons re-
quires additional experimental investigation.

Acknowledgements
We are grateful to G. D. Morris, B. Hitti, and D. Ar-

senau of the TRIUMF CMMS and the staff of J-PARC S1
(Experiment No. 2024A0208) for their valuable help dur-
ing the µSR experiments. This work was funded by the
National Key Research and Development Program of China
(Grant No. 2022YFA1402203), the National Natural Science
Foundations of China (Grant No. 12174065), the Innova-
tion Program for Quantum Science and Technology (Grant
No. 2024ZD0300104), and the Shanghai Municipal Science
and Technology Major Project (Grant No. 2019SHZDZX01).

References
[1] Emery V J and Kivelson S A 1995 Nature 374 434
[2] Lee P A 1999 Phys. C 317–318 194
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