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The microscopic properties of the superconducting cubic skutterudite-like material Y3Ru4Ge13 are investi-
gated using muon spin relaxation and rotation (μSR) measurements. Zero-field μSR measurements reveal the
presence of a spontaneous internal field with a magnitude of �0.18 mT below the superconducting transition
temperature, indicating broken time-reversal symmetry in the ground state. In line with previous experiments,
transverse-field μSR measurements are consistent with a fully developed superconductivity gap in Y3Ru4Ge13.
Our observations point towards the relevance of electronic correlations beyond electron-phonon coupling as
the superconducting origin and indicate that spin-orbit coupling is likely not the key driving force behind the
spontaneous breaking of time-reversal symmetry in this system.

DOI: 10.1103/PhysRevB.108.214512

I. INTRODUCTION

Breaking additional symmetries, such as time-reversal or
rotational symmetry, in a superconductor is a defining fea-
ture of unconventional superconductivity and lies outside the
scope of BCS theory [1,2]. In the superconducting state,
the breaking of the time-reversal symmetry (TRS) is man-
ifested by the spontaneous presence of a magnetic field
around inhomogeneities below the superconducting transition
temperature. This additional symmetry breaking in super-
conductivity can contribute to novel properties and rich and
exciting physics, which motivates a detailed investigation of
the ground state and attracts tremendous research attention.
Studying such broken symmetries in superconductors is also
crucial for understanding the pairing mechanism and the
structure of the order parameter.

The phenomenon of broken TRS has been extensively in-
vestigated in cage-type superconducting systems due to their
intriguing properties and complex structure. In this family,
PrOs4Sb12 is reported as the first strongly correlated heavy-
fermion superconductor with broken TRS, a complex order
parameter, and multigap nodal structure [3,4]. Further studies
of sister compounds with doping suggest the importance of
Pr single-ion excitations, Pr-Pr interactions, and spin-orbit
coupling (SOC) for TRS breaking in the superconducting state
[5–13]. In contrast to this, PrRu4Sb12 exhibits no signs of bro-
ken TRS [7,14]. Similarly, other cage compounds PrA2M20,
(where A = V, Ir, Rh and M = Al, Zn), do not show evi-
dence of broken TRS, further complicating the understanding
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of TRS breaking in cage compounds [15–17]. Meanwhile,
tetragonal cage compounds of the form R5Rh6Sn18 (R = Sc,
Y, Lu) exhibit unconventional superconducting characteris-
tics, including broken TRS, an anisotropic gap structure, and
rattling vibrations [18–21]. Yet again, the ruthenate composi-
tion R5Ru6Sn18 shows BCS superconductivity and preserved
TRS [22]. Given this complex behavior and the limited num-
ber of studies on the cage structure family revealing different
results, there is a huge gap that has to be overcome to be
able to understand the superconducting order parameter, the
mechanisms behind TRS breaking, and the pairing mecha-
nism. The role of crystal structure, electron correlation, SOC,
and rattling modes on the unconventional properties of cage-
type superconductors remains largely unexplored, motivating
a thorough examination of the ground-state properties.

In this context, the cubic skutterudite-like family R3M4X13,
where R represents a rare-earth metal, M is a transition metal,
and X is a group-14 element, provides an exciting platform
for investigating superconductivity with low rattling modes
[23,24]. Within this family, the weakly correlated stannides
exhibit unconventional properties with a BCS coupling mech-
anism and a strong interaction with crystal structure [25–28].
Furthermore, recent investigations on the low-carrier-density
superconductor Lu3Os4Ge13 have revealed a multigap super-
conducting state with broken TRS, indicating the possibility
of an electron-electron interaction as a pairing mechanism
[29,30]. Therefore, the sister compound Y3Ru4Ge13, with a
transition temperature Tc of 2.8 K, low carrier density, low
SOC, and few or no rattling modes, offers a promising avenue
to understand the effect of carrier concentration and SOC
on the pairing mechanism of the cubic skutterudite family
[31–33]. In this paper, we investigate the microscopic su-
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FIG. 1. (a) ZF asymmetry spectra at 0.07 K (T < Tc) and 3.0 K (T > Tc) with LF asymmetry spectra at 0.1 K and 5 mT, where solid lines
represent the respective fit. (b) The relaxation rate � [see Eq. (2)] increases at a temperature T ′ below the superconducting Tc (see the text for
details), while the rate � in Eq. (1) stays approximately constant (c).

perconducting properties of the low-carrier-density system
Y3Ru4Ge13 via muon spin rotation/relaxation (μSR) measure-
ments. Zero-field (ZF) μSR measurements suggest broken
TRS, as indicated by an increased relaxation rate below the
superconducting transition temperature. As the associated
magnetic field scale is even slightly larger than in the sister
compound Lu3Os4Ge13 [29] with stronger SOC, we conclude
that SOC is not essential for stabilizing a TRS-breaking su-
perconducting order parameter in these systems.

II. EXPERIMENTAL DETAILS

The single crystals of Y3Ru4Ge13 used for μSR mea-
surements have already been characterized and studied in
previous work [32,33]. Phase purity and superconducting
properties with Tc = 2.8 K were investigated using resistivity,
magnetization, and specific-heat measurements. μSR mea-
surements have been performed on single crystals with the
incident muon beam oriented along the [110] axis at the ISIS
Neutron and Muon Pulsed Source, Rutherford Appleton Lab-
oratory, U.K. The methodology and instruments are detailed
in Refs. [34,35]. In the longitudinal configuration, measure-
ments were performed with both an applied field (LF) and
zero field (ZF), to infer the presence of an internal field in
the superconducting state, while in the transverse-field (TF)
measurements, a magnetic field was applied perpendicular
to the incident muon beam direction to investigate the gap
structure in the vortex state of a superconductor.

III. RESULT

A. Zero-field μSR

In ZF-μSR measurement, the time-domain asymmetry
spectra were measured in regular intervals from above the
superconducting transition temperature to the lowest temper-
ature. The measured ZF asymmetry spectra above and below
Tc are shown in Fig. 1(a). The observed small relaxation and
absence of a muon precession signal rule out the possibility
of any long-range magnetically ordered in this sample. The
asymmetry spectra are analyzed by considering relaxation due
to static, randomly oriented nuclear moments, and fast fluctu-
ation due to electronic moments. This can be expressed by the
exponentially damped Gaussian Kubo-Toyabe (KT) function

with a flat background [36],

A(t ) = A0Gz(t ) exp(−�t ) + Abg, (1)

where

Gz(t ) = 1

3
+ 2

3
(1 − �2t2) exp

(
−�2t2

2

)
(2)

is the Gaussian Kubo-Toyabe function with � encoding the
relaxation due to static or quasistatic local fields [37]; A0

and Abg are the initial and background asymmetries, respec-
tively, and � represents the electronic relaxation rate. For the
asymmetry spectra fitting, A0 and Abg are kept as temperature-
independent global parameters, while the relaxation rates �

and � serve as free parameters, demonstrating a temperature
variation, as shown in Figs. 1(b) and 1(c). � remains tem-
perature independent, while Fig. 1(b) shows the increase in
� below the superconducting transition temperature corre-
sponding to an increase in the typical local magnetic fields
[31]. Further, an applied longitudinal field of 5 mT was suf-
ficient to decouple the muons from the decaying channel
[shown in Fig. 1(a)], indicative of the static or quasistatic
nature of the field and broken TRS in the superconducting
state of Y3Ru4Ge13. A similar increase in �, an indicative of
broken TRS is also observed in PrOs4Sb12 [3], PrPt4Ge12 [5],
LaNiGa2 [38], and many Re-based superconductors [39–43].
The change in � [Fig. 1(b)] channel suggests a Gaussian-
type field distribution at the muon-stopping site, which is
different from other known TRS-breaking superconductors
such as Sr2RuO4 where a change in the � channel indicating
Lorentzian field distribution is observed [44].

The measured change in the relaxation rate � below Tc is
0.11 µs−1. The magnitude of the internal field associated with
this change can be estimated by using the expression [45]

Bint =
√

2
�

γμ

, (3)

where γμ = 2π×135.5 MHz/T is the muon gyromagnetic
ratio. The estimated value of Bint � 0.18(3) mT is comparable
to reported values of 0.12 mT for filled skutterudite PrOs4Sb12

[3], 0.116 mT for Re2Hf [43], and 0.11 mT for Lu3Os4Ge13

[29]. However, this value is considerably larger than other
known TRS-breaking superconductors.

214512-2



BROKEN TIME-REVERSAL SYMMETRY IN THE CUBIC … PHYSICAL REVIEW B 108, 214512 (2023)

-0.2

-0.1

0.0

0.1

0.2

 A
sy

m
m

et
ry

108642

 t (μs)

 T = 0.07 K, 40 mT
(a)

-0.2

-0.1

0.0

0.1

0.2

 A
sy

m
m

et
ry

108642

 t (μs)

 T = 3.0 K, 40 mT(b)

0.06

0.05

0.04

σ 
(μ

s-1
)

3.02.52.01.51.00.50.0

 T (K)

(c)

 s-wave

0.04

0.02

0.00

σ s
c
(μ

s-1
)

1.00.80.50.20.0

 Τ/Τc

  Power Law

FIG. 2. TF-μSR asymmetry spectra at 40 mT (a) in the superconducting state (at T = 0.07 K) and (b) in the normal state, T = 3.0 K, with
the solid lines representing the fitting using Eq. (4). (c) The muon relaxation rate σ variation with temperature fitted with the s-wave model
with the inset showing the fitting of σsc with temperature using the power law.

Furthermore, in Fig. 1(b), it is observed that the actual
increase in � occurs at a temperature of T ′ = 1.7 K, which is
below the resistive superconducting transition temperature of
Tc = 2.8 K with a transition width of 0.4 K [33]. Measurement
of the ac susceptibility of Ref. [31] indicated the onset of
the superconducting transition at a temperature of 2.2 K in
the same sample of Y3Ru4Ge13. Both of these values are
significantly different from the T ′ observed for our sample.
The possible reason behind this discrepancy is discussed in
Sec. IV.

B. Transverse-field μSR

The superconducting gap structure of Y3Ru4Ge13 can
be evaluated from the TF-μSR measurements. Asymmetry
spectra were measured in a field-cooled protocol up to a
temperature above Tc at fixed intervals. Figures 2(a) and 2(b)
show the TF asymmetry spectra above and below Tc under
an applied magnetic field of 40 mT. No significant changes
can be found in the two asymmetry spectra. The time-domain
TF asymmetry spectra were further analyzed by fitting the
Gaussian-damped oscillatory relaxation function [46,47],

A(t ) = A1 exp
(− 1

2σ 2t2
)

cos(γμB1t + φ)

+A2 cos(γμB2t + φ), (4)

where A1 and A2 are the initial asymmetries of the sample and
background, respectively. σ is the Gaussian relaxation rate,
φ is the initial phase, and B1 and B2 are the local magnetic
fields sensed by the muons in the sample and the sample
holder (background), respectively. The solid line represents
the fitting of the spectra in Figs. 2(a) and 2(b). The extracted
variation of σ with temperature is shown in Fig. 2(c), reveal-
ing only a small change in σ below Tc within the experimental
resolution of the time window of μSR. The temperature de-
pendence of σ has been modeled (solid red line) using a single
nodeless s-wave model in the clean limit [48], providing a
superconducting energy gap �(0) = 0.17(1) meV. The ob-
tained value differs from that reported in other measurements,
including the specific heat (0.21 meV) [32] and tunnel-diode
oscillator measurements (�0.40 meV) [30].

The small change in σ vs T below Tc suggests that the
vortex lattice has only a minor relaxation contribution, σsc.
An upper bound can be estimated using σsc = (σ 2 − σ 2

dip)1/2,

where σdip is the relaxation due to the nuclear moments
measured in the normal state. The weak temperature de-
pendence of the nuclear relaxation rate is also observed in
La2(Cu1−xNix )5As3O2 similar to our case [49]. We fit the
temperature variation of σsc with Tc,μSR = 1.6 K using the
power law (see Refs. [50,51])

σsc = σsc(0)

[
1 −

(
T

Tc,μSR

)N
]

(5)

for T � Tc,μSR. The fitting yields N = 1.56(5), much less
than the value 4 expected for BCS superconductors. In dirty
d-wave superconducting systems, it is suggested that N ∼ 2
[49,52,53]. The value for N we obtain points towards a nodal
superconducting order parameter, which is surprising and in
contrast with the microscopic model. Thus, these small tem-
perature variations of σ and low superconducting gap values
with relatively large uncertainties are inadequate to accurately
determine the superconducting gap symmetry. We leave this
for future work.

Furthermore, considering the vortex lattice system of a
type-II superconductor, an estimation of London penetration
depth λ(0) can be extracted by using the expression [54]

σsc(T )

γμ

= 0.0609
	0

λ2(T )
. (6)

The calculated lower bound is λ(0) � 1.6 µm. Moreover,
using London’s equation, the lower limit of the supercon-
ducting carrier density n can be extracted via the relation
λ2 = m∗/μ0ne2, where m∗ is the effective mass (taken from
Ref. [32]); the resulting bound n � 1.7×1025 carriers/m3 jus-
tifies the low-carrier-density limit of the system.

According to Uemura’s classification system, which is
based on the ratio of the Fermi temperature to the su-
perconducting transition temperature TF/Tc, Y3Ru4Ge13 is
categorized with other unconventional superconductors. To
obtain an estimate, we assume a three-dimensional (3D)
spherical Fermi surface and evaluate the Fermi temperature
TF from [50]

kBTF = h̄2

2
(3π2)2/3 n2/3

m∗ , (7)
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FIG. 3. Uemura plot of unconventional superconductors includ-
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and Sn3Ir4Sn13 at different pressure [25,55,56], where TB is the Bose-
Einstein condensation temperature.

where n is the carrier density, and m∗ is the effective mass and
resultant TF = 173(25) K. Figure 3 shows that Y3Ru4Ge13

(red diamond) is positioned well inside the unconventional
superconductor band. Further, the yellow diamonds represent
(Ca/Sr)3Ir4Sn13 at different pressures, and the green diamond
represents Lu3Os4Ge13.

A small change in σ below Tc or no significant muon
relaxation in the superconducting state has previously been
observed in the Cu- or Sr-doped topological insulator Bi2Se3

[57,58], Ru0.75Rh0.25As [59], noncentrosymmetric YPtBi
[60], and most recently in CaSn3 [61]. The common features
among the materials mentioned above and Y3Ru4Ge13 are low
carrier density and nontrivial band topology. In the Heusler
alloy YPtBi and A15 compound CaSn3, nontrivial topological
band structures have recently been recognized [62]. Moreover,
theoretical band-structure calculations from the topological
material database also suggest Y3Ru4Ge13 as a symmetry-
enforced semimetal [63–66]. Additionally, a peak effect and
anomalous susceptibility behavior with the magnetic field
are observed for Y3Ru4Ge13 [30]. These observations sug-
gest weak vortex pinning at a low magnetic field and hint
toward the possibility of a complex vortex lattice and field-
induced disordering of the vortex lattice [30]. However, the
precise mechanism governing the unconventional vortex state
in low-carrier topological materials remains elusive. Further
investigation in this direction is imperative to understand the
intricacies of the vortex-state phenomenon.

IV. DISCUSSION AND CONCLUSION

Finally, we discuss the implications of our findings for
the microscopic pairing state and mechanism in Y3Ru4Ge13.
While it has the same symmetries as Lu3Os4Ge13—both
exhibit the space group No. 223 (Pm3̄n) with the cubic
point group Oh—the expected strength of SOC (∝Z4) is
much weaker in Y3Ru4Ge13, given the significantly lower

atomic numbers of the involved atoms; more precisely, first-
principles calculations indicate that the states around the
Fermi level in Y3Ru4Ge13 derive mostly from Ge (Z = 32)
[67] and those in Lu3Os4Ge13 also exhibit significant contri-
butions from Os (Z = 76) [68]. Yet, the key observation of
TRS breaking setting in at a temperature below the resistive
superconducting transition is common in the present and our
previous [29] μSR study of Y3Ru4Ge13 and Lu3Os4Ge13,
respectively. In combination with the similar strength of the
internal field Bint in these compounds, this strongly indicates
that SOC is not the key driving force behind the TRS breaking.

By construction, the symmetry-based discussion of the
possible pairing states for Lu3Os4Ge13 presented in Ref. [29]
applies here as well: If the superconducting state is reached by
a single phase transition, the order parameter must transform
under a two- or three-dimensional irreducible representation
of Oh to allow for broken TRS. As a result of the complex
structure of the group Oh, there are ten distinct TRS-breaking
superconducting candidate phases; generically, all of them are
expected to exhibit nodes. As pointed out above, our TF-μSR
data are consistent with a full gap, but the small variation of σ

might not be enough to rule out the presence of nodes. Since,
however, more sensitive tunnel-diode oscillator measurements
also indicate a fully gapped superconducting phase [30],
alternative scenarios leading to a superconducting order pa-
rameter with broken TRS and a full gap should be discussed.
Given that the signs of broken TRS in both Y3Ru4Ge13 and
Lu3Os4Ge13 emerge at a temperature T ′ that is noticeably
smaller than the resistive Tc, the most plausible scenario is that
there are two superconducting transitions—at the first one, a
(nodal or fully gapped) state sets in while only at a lower
temperature, T ′ < Tc, a secondary order parameter appears,
which, e.g., due to a nontrivial relative complex phase, breaks
TRS; at least below T ′, the superconducting order parameter
has a full gap. Such a TRS-breaking complex phase can arise
due to “frustrated” interactions (see Refs. [69–71] for exam-
ple). Irrespective of which of these scenarios are realized, we
expect electronic interactions beyond electron-phonon cou-
pling to be present in order to stabilize the TRS-breaking
superconducting phase below T ′, making Y3Ru4Ge13 a
promising candidate for unconventional superconductivity.

In summary, the microscopic properties of the super-
conducting cubic skutterudite-like material Y3Ru4Ge13 were
investigated using muon spin rotation and relaxation mea-
surements. Zero-field μSR results suggest TRS breaking in
the superconducting ground state, similar to its Lu sister
compound and many other skutterudite compounds. A signif-
icant local internal magnetic field of magnitude �0.18(3) mT
is observed in the superconducting state. TF-μSR measure-
ments are consistent with a fully gapped superconducting
order parameter. Our findings indicate that SOC is likely
not the key driving force for TRS-breaking superconduc-
tivity and that pairing interactions beyond the conventional
electron-phonon coupling are at play. Nonetheless, there are
still many open questions that deserve further investigations,
such as determining the form of the superconducting order
parameter and understanding the nature of the vortex state
in Y3Ru4Ge13. More generally, our work emphasizes that
low-carrier-concentration systems and cage compounds are an
intriguing playground for exotic superconducting physics.
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Phys. Rev. B 98, 245140 (2018).

[25] P. K. Biswas, Z. Guguchia, R. Khasanov, M. Chinotti, L. Li, K.
Wang, C. Petrovic, and E. Morenzoni, Phys. Rev. B 92, 195122
(2015).

[26] S. Gerber, J. L. Gavilano, M. Medarde, V. Pomjakushin, C.
Baines, E. Pomjakushina, K. Conder, and M. Kenzelmann,
Phys. Rev. B 88, 104505 (2013).

[27] S. K. Goh, D. A. Tompsett, P. J. Saines, H. C. Chang, T.
Matsumoto, M. Imai, K. Yoshimura, and F. M. Grosche,
Phys. Rev. Lett. 114, 097002 (2015).

[28] W. C. Yu, Y. W. Cheung, P. J. Saines, M. Imai, T. Matsumoto, C.
Michioka, K. Yoshimura, and S. K. Goh, Phys. Rev. Lett. 115,
207003 (2015).

[29] A. Kataria, J. A. T. Verezhak, O. Prakash, R. K. Kushwaha, A.
Thamizhavel, S. Ramakrishnan, M. S. Scheurer, A. D. Hillier,
and R. P. Singh, Phys. Rev. B 107, L100506 (2023).

[30] Z. F. Weng, M. Smidman, G. M. Pang, O. Prakash, Y. Chen,
Y. J. Zhang, S. Ramakrishnan, and H. Q. Yuan, Phys. Rev. B
95, 184501 (2017).

[31] C. U. Segre, H. F. Braum, and K. Yvon, in Ternary Supercon-
ductors: Proceedings of the International Conference on Ternary
Superconductors, edited by G. K. Shenoy, B. D. Dunlap, and
F. Y. Fradin (Elsevier/North-Holland, Amsterdam, 1981).

[32] O. Prakash, A. Thamizhavel, A. K. Nigam, and S.
Ramakrishnan, Physica C: Supercond. 492, 90 (2013).

[33] O. Prakash, A. Thamizhavel, A. K. Nigam, and S.
Ramakrishnan, AIP Conf. Proc. 1591, 1572 (2014).

[34] A. D. Hillier, S. J. Blundell, I. McKenzie, I. Umegaki, L. Shu,
J. A. Wright, T. Prokscha, F. Bert, K. Shimomura, A. Berlie,
H. Alberto, and I. Watanabe, Nat. Rev. Methods Primers 2, 4
(2022).

[35] A. D. Hillier, J. S. Lord, K. Ishida, and C. Rogers, Philos. Trans.
R. Soc. A 377, 20180064 (2019).

[36] R. S. Hayano, Y. J. Uemura, J. Imazato, N. Nishida, T.
Yamazaki, and R. Kubo, Phys. Rev. B 20, 850 (1979).

[37] R. Kubo, Hyperfine Interact. 8, 731 (1981).
[38] A. D. Hillier, J. Quintanilla, B. Mazidian, J. F. Annett, and R.

Cywinski, Phys. Rev. Lett. 109, 097001 (2012).

214512-5

https://doi.org/10.1103/PhysRev.108.1175
https://doi.org/10.1103/RevModPhys.63.239
https://doi.org/10.1103/PhysRevLett.91.067003
https://doi.org/10.1103/PhysRevB.87.064502
https://doi.org/10.1103/PhysRevB.82.024524
https://doi.org/10.1103/PhysRevB.83.100504
https://doi.org/10.1016/j.jmmm.2006.10.528
https://doi.org/10.1103/PhysRevB.91.104523
https://doi.org/10.1103/PhysRevB.100.024508
https://doi.org/10.1088/0953-8984/22/50/505701
https://doi.org/10.1103/PhysRevB.106.134516
https://doi.org/10.1143/JPSJ.75.014709
https://doi.org/10.1103/PhysRevLett.95.107003
https://doi.org/10.1103/PhysRevB.72.184503
https://doi.org/10.7566/JPSJ.85.082002
https://doi.org/10.1103/PhysRevLett.113.267001
https://doi.org/10.1103/PhysRevB.85.235152
https://doi.org/10.1103/PhysRevB.98.024511
https://doi.org/10.1103/PhysRevB.91.060503
https://doi.org/10.1103/PhysRevB.103.024503
https://doi.org/10.1038/srep12926
https://doi.org/10.1088/1361-648X/aacf65
https://doi.org/10.1016/0038-1098(80)91099-6
https://doi.org/10.1103/PhysRevB.98.245140
https://doi.org/10.1103/PhysRevB.92.195122
https://doi.org/10.1103/PhysRevB.88.104505
https://doi.org/10.1103/PhysRevLett.114.097002
https://doi.org/10.1103/PhysRevLett.115.207003
https://doi.org/10.1103/PhysRevB.107.L100506
https://doi.org/10.1103/PhysRevB.95.184501
https://doi.org/10.1016/j.physc.2013.05.014
https://doi.org/10.1063/1.4873038
https://doi.org/10.1038/s43586-021-00089-0
https://doi.org/10.1098/rsta.2018.0064
https://doi.org/10.1103/PhysRevB.20.850
https://doi.org/10.1007/BF01037553
https://doi.org/10.1103/PhysRevLett.109.097001


A. KATARIA et al. PHYSICAL REVIEW B 108, 214512 (2023)

[39] R. P. Singh, A. D. Hillier, B. Mazidian, J. Quintanilla,
J. F. Annett, D. M. Paul, G. Balakrishnan, and M. R. Lees,
Phys. Rev. Lett. 112, 107002 (2014).

[40] D. Singh, J. A. T. Barker, A. Thamizhavel, D. M. Paul, A. D.
Hillier, and R. P. Singh, Phys. Rev. B 96, 180501(R) (2017).

[41] D. Singh, Sajilesh K. P., J. A. T. Barker, D. M. Paul, A. D.
Hillier, and R. P. Singh, Phys. Rev. B 97, 100505(R) (2018).

[42] T. Shang, M. Smidman, S. K. Ghosh, C. Baines, L.-J. Chang,
D. J. Gawryluk, J. A. T. Barker, R. P. Singh, D. M. Paul, G.
Balakrishnan, E. Pomjakushina, M. Shi, M. Medarde, A. D.
Hillier, H. Q. Yuan, J. Quintanilla, J. Mesot, and T. Shiroka,
Phys. Rev. Lett. 121, 257002 (2018).

[43] M. Mandal, A. Kataria, C. Patra, D. Singh, P. K. Biswas, A. D.
Hillier, T. Das, and R. P. Singh, Phys. Rev. B 105, 094513
(2022).

[44] G. M. Luke, Y. Fudamoto, K. M. Kojima, M. I. Larkin, J.
Merrin, B. Nachum, Y. J. Uemura, Y. Maeno, Z. Q. Mao, Y.
Mori, H. Nakamura, and M. Sigrist, Nature (London) 394, 558
(1998).

[45] Y. J. Uemura, in Muon Science: Muons in Physics, Chemistry,
and Materials, edited by S. L. Lee, S. H. Kilcoyne, and R.
Cywinski (IOP Publishing, London, 1999), Chap. 4, p. 85.

[46] M. Weber, A. Amato, F. N. Gygax, A. Schenck, H. Maletta,
V. N. Duginov, V. G. Grebinnik, A. B. Lazarev, V. G.
Olshevsky, V. Yu. Pomjakushin, S. N. Shilov, V. A. Zhukov,
B. F. Kirillov, A. V. Pirogov, A. N. Ponomarev, V. G. Storchak,
S. Kapusta, and J. Bock, Phys. Rev. B 48, 13022 (1993).

[47] A. Maisuradze, R. Khasanov, A. Shengelaya, and H. Keller,
J. Phys.: Condens. Matter 21, 075701 (2009).

[48] K. P. Sajilesh, D. Singh, A. D. Hillier, and R. P. Singh,
Phys. Rev. B 102, 094515 (2020).

[49] Q. Wu, K. Chen, Z. Zhu, C. Tan, Y. Yang, X. Li, T. Shiroka, X.
Chen, J. Guo, X. Chen, and L. Shu, Phys. Rev. B 107, 214502
(2023).

[50] A. D. Hillier and R. Cywinski, Appl. Magn. Reson. 13, 95
(1997).

[51] Z. F. Ding, J. Zhang, C. Tan, K. Huang, Q. Y. Chen, I. Lum,
O. O. Bernal, P.-C. Ho, D. E. MacLaughlin, M. B. Maple, and
L. Shu, Phys. Rev. B 99, 035136 (2019).

[52] H. Luetkens, H.-H. Klauss, R. Khasanov, A. Amato, R.
Klingeler, I. Hellmann, N. Leps, A. Kondrat, C. Hess, A.
Kohler, G. Behr, J. Werner, and B. Buchner, Phys. Rev. Lett.
101, 097009 (2008).

[53] P. J. Hirschfeld, W. O. Putikka, and D. J. Scalapino, Phys. Rev.
B 50, 10250 (1994).

[54] E. H. Brandt, Phys. Rev. B 68, 054506 (2003).
[55] K. Hashimoto, K. Cho, T. Shibauchi, S. Kasahara, Y. Mizukami,

R. Katsumata, Y. Tsuruhara, T. Terashima, H. Ikeda, M. A.
Tanatar, H. Kitano, N. Salovich, R. W. Giannetta, P. Walmsley,
A. Carrington, R. Prozorov, and Y. Matsuda, Science 336, 1554
(2012).

[56] R. Khasanov, H. Luetkens, A. Amato, H. H. Klauss, Z. A. Ren,
J. Yang, W. Lu, and Z. X. Zhao, Phys. Rev. B 78, 092506
(2008).

[57] H. Leng, D. Cherian, Y. K. Huang, J-C. Orain, A. Amato, and
A. de Visser, Phys. Rev. B 97, 054503 (2018).

[58] J. A. Krieger, A. Kanigel, A. Ribak, E. Pomjakushina, K. B.
Chaska, K. Conder, E. Morenzoni, T. Prokscha, A. Suter, and
Z. Salman, JPS Conf. Proc. 21, 011028 (2018).

[59] V. K. Anand, D. T. Adroja, M. R. Lees, P. K. Biswas, A. D.
Hillier, and B. Lake, Phys. Rev. B 98, 214517 (2018).

[60] T. V. Bay, M. Jackson, C. Paulsen, C. Baines, A. Amato,
T. Orvis, M. C. Aronson, Y. K. Huang, and A. de Visser,
Solid State Commun. 183, 13 (2014).

[61] H. Siddiquee, R. Munir, C. Dissanayake, P. Vaidya, C. Nickle,
E. Del Barco, G. Lamura, C. Baines, S. Cahen, C. Hérold, P.
Gentile, T. Shiroka, and Y. Nakajima, Phys. Rev. B 105, 094508
(2022).

[62] S. Gupta, R. Juneja, R. Shinde, and A. K. Singh, J. Appl. Phys.
121, 214901 (2017).

[63] B. Bradlyn, L. Elcoro, J. Cano, M. G. Vergniory, Z. Wang, C.
Felser, M. I. Aroyo, and B. Andrei Bernevig, Nature (London)
547, 298 (2017).

[64] J. Kruthoff, J. de Boer, J. van Wezel, C. L. Kane, and R.-J.
Slager, Phys. Rev. X 7, 041069 (2017).

[65] M. G. Vergniory, L. Elcoro, C. Felser, N. Regnault, B. A.
Bernevig, and Z. Wang, Nature (London) 566, 480 (2019).

[66] https://topologicalquantumchemistry.org.
[67] B. Pavan and M. Fornari, Sci. Adv. Mater. 3, 587 (2011).
[68] O. Prakash, A. Thamizhavel, and S. Ramakrishnan, Supercond.

Sci. Technol. 28, 115012 (2015).
[69] S. Maiti and A. V. Chubukov, Phys. Rev. B 87, 144511 (2013).
[70] D. Pimenov and A. V. Chubukov, Phys. Rev. B 106, 104515

(2022).
[71] Arushi, D. Singh, A. D. Hillier, M. S. Scheurer, and R. P. Singh,

Phys. Rev. B 103, 174502 (2021).

214512-6

https://doi.org/10.1103/PhysRevLett.112.107002
https://doi.org/10.1103/PhysRevB.96.180501
https://doi.org/10.1103/PhysRevB.97.100505
https://doi.org/10.1103/PhysRevLett.121.257002
https://doi.org/10.1103/PhysRevB.105.094513
https://doi.org/10.1038/29038
https://doi.org/10.1103/PhysRevB.48.13022
https://doi.org/10.1088/0953-8984/21/7/075701
https://doi.org/10.1103/PhysRevB.102.094515
https://doi.org/10.1103/PhysRevB.107.214502
https://doi.org/10.1007/BF03161973
https://doi.org/10.1103/PhysRevB.99.035136
https://doi.org/10.1103/PhysRevLett.101.097009
https://doi.org/10.1103/PhysRevB.50.10250
https://doi.org/10.1103/PhysRevB.68.054506
https://doi.org/10.1126/science.1219821
https://doi.org/10.1103/PhysRevB.78.092506
https://doi.org/10.1103/PhysRevB.97.054503
https://doi.org/10.7566/JPSCP.21.011028
https://doi.org/10.1103/PhysRevB.98.214517
https://doi.org/10.1016/j.ssc.2013.12.010
https://doi.org/10.1103/PhysRevB.105.094508
https://doi.org/10.1063/1.4984262
https://doi.org/10.1038/nature23268
https://doi.org/10.1103/PhysRevX.7.041069
https://doi.org/10.1038/s41586-019-0954-4
https://topologicalquantumchemistry.org
https://doi.org/10.1166/sam.2011.1186
https://doi.org/10.1088/0953-2048/28/11/115012
https://doi.org/10.1103/PhysRevB.87.144511
https://doi.org/10.1103/PhysRevB.106.104515
https://doi.org/10.1103/PhysRevB.103.174502

	cover.pdf
	PhysRevB.108.214512.pdf

